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I. SUMMARY, CONCLUSIONS AND OVERVIEW OF SOLASE-H

I.1. INTRODUCTION

The ultimate energy release per D-T fusion reaction can be greatly
increased if the 14.1 MeV fusion neutron is used to breed fissile fuel in
addition to breeding the tritium that is required for closing the fusion
fuel cycle. The subsequent burning of the fissile atom releases approxi-
mately 200 MeV as compared to the 20 MeV typically produced by a single
fusion reaction. This energy (or power) multiplication amplifies the
impact of D-T fusion in the future energy production scenario. This impact
comes from the greater power production per unit of fusion power and from
the possibility of introducing these fusion hybrid reactors sooner than might
be possible for pure fusion systems. In addition, the total energy per fusion
reaction is so much greater in fusion-fission hybrid systems that the fusion
hybrid reactor can have a cost higher than that for fusion electric power
and still be economically feasible in the context of the entire energy
producing system. Furthermore, the fusion performance parameters (both
fusion energy gain and recirculating power fraction) can be relaxed in
fusion hybrid reactors while still maintaining good economic performance.
This adds to the potential for early introduction.

The technology development required for fusion-fission hybrids can draw
heavily from current and future fission reactor experience, and we have used
this as a guideline for this study. As an example, in the design reported
here, we have used zircaloy as the structural material, employed oxide fuel,
and chosen LWR fuel bundles as the fuel configuration. Clearly, any hybrid
reactor scenario relies on fission reactors to produce the majority of the
power. A fusion-fission hybrid reactor can support two to fifty thermal
fission reactors depending upon the assumption made about hybrid blanket

design, conversion ratio in the fission reactor, and the decision on whether
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to reprocess the spent fission reactor fuel. This is a positive result,
since fission reactors currently operate with a good performance record and
produce about 13% of this nation's electric power. On the other hand, the
hybrid suffers from the same criticisms that have been directed toward the
fission reactor industry, particularly with regard to the fuel cycle. The
question of reprocessing spent reactor fuel has raised the issue of prolif-
eration and increased interest in the development of fuel cycles resistant
to diversion.

Any study of fusion-fission hybrids, with their early introduction
potential, must address these political and social issues as well as the
very difficult technical ones. There has been much work on fusion-fission
hybrids(]'7) and many have been related to a particular fusion system
(tokamak, mirror, laser fusion, etc.). Most studies have assumed that the
fissile fuel produced in the hybrid must be reprocessed before loading into
the fission reactor core although there have been a few which examined the

(4.8) If reprocessing

direct loading of bred fuel into the fission reactor.
in necessary, then the hybrid fuel cycle faces many of the same considerations
that plague the fast breeder reactor program today.

In light of these concerns, it is important to address the following questions:

e CAN THE HYBRID REACTOR PLAY ANY ROLE IN A NUCLEAR FUTURE THAT DOES NOT
ALLOW REPROCESSING OF THE FISSION FUEL IN THE NEAR TERM?

e CAN A HYBRID FUEL CYCLE THAT IS DIVERSION RESISTANT BE ESTABLISHED?
* WHAT PENALTY IN PERFORMANCE DOES ONE PAY FOR A HYBRID FUEL CYCLE

THAT DOES NOT INCLUDE REPROCESSING?
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These questions form the context into which the SOLASE-H Tlaser fusion
hybrid study has been cast. SOLASE-H is an integrated study of the important
subsystems that make up a laser fusion hybrid reactor. Many of the reactor
design ideas are a carryover from the SOLASE laser fusion conceptual reactor

(9)

design. The emphasis in SOLASE-H is on parametric analysis of five
important subsystems. These include:

(1) The fission fuel cycle;

(2) Hybrid blanket design;

(3) Fusion performance;

(4) Laser design;

(5) Cavity, first wall, and mechanical design.
Some attention is given to the coupling of these subsystems to assure that
the attractive parts of parameter space in each area will actually overlap
one another. These analyses have been constrained by the desire to use
technology assumptions that are consistent with early introduction of the
hybrid.

In the following sections, a technical summary of each of the
five subsystems is given. Section I.3.G is a description of the integrated
SOLASE-H hybrid reactor design with a set of consistent parameters. In
the following part of this introductory section, the conclusions of the SOLASE-H

study are presented.
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[.2 CONCLUSIONS OF THE SOLASE-H STUDY

I.2.A GENERAL

The SOLASE-H laser fusion hybrid study investigates the potential of
directly enriching Tight water reactor (LWR) fuel assemblies in the hybrid
blanket with direct transfer to the LWR without intermediate reprocessing.
From these blanket design studies, several conclusions can be made regard-
ing this fuel cycle:

1. HWithout reprocessing the spent LWR fuel, the direct enrichment
hybrid has the potential to fuel 2 LWRs of equivalent thermal power with
4% enriched 233U fuel assemblies. This low support ratio makes the system
economics very sensitive to the cost of the hybrid reactor.

2. The direct enrichment of the LWR assemblies renders them highly
radioactive. When transported in this radiocactive state, they can be
considered to meet demands for proliferation resistance.

3. When reprocessing of the LWR fuel is allowed, the SOLASE-H hybrid
concept has the potential to fuel about 8 LWRs of equivalent thermal power
with 4% enriched 233U fuel. The increase of the support ratio reduces
the sensitivity of system economics to the hybrid cost.

4. The SOLASE-H direct enrichment hybrid produces about 0.75 kg of
233U/th—year‘. This is to be compared to 1-2 kg of 233U/th-year produced
in a hybrid that does not have the constraint of enriching fuel in the form
of LWR assemblies. Hence, the fuel production rate is about a factor of two

less in the direct enrichment approach than it would be if reprocessing of the

hybrid fuel were allowed.
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5. The time that is necessary to reach 4% enrichment is about two and a
half years of continuous operation at a fusion power of approximately 1200 MUW.
It is assumed that only 70% of this power is in the form of 14.1 MeV neutrons.
Thus, for characteristic values of fusion power and required fuel enrichment,
the time to directly produce enriched LWR fuel in bundles is a reasonable time

period (2.5-4 years).

1.2.B PARAMETRIC BLANKET DESIGN STUDIES

Blanket designs have been optimized to breed fissile fuel without sub-
sequent fissioning subject to the constraint that the tritium breeding ratio,
TBR, be Targer than one. The SOLASE-H cavity and blanket is a right circular
cylinder as shown in Fig. I.2-1. The end caps of the cylinder (axial blan-
kets) are devoted to breeding only tritium, while the radial blanket is used

233U and tritium. Hence, the tritium breeding ratio in

for breeding both

the radial blanket is actually less than one. The blanket-structural mate-

rial is zircaloy, and the fuel is arranged in an LWR configuration. Choices

for coolant are water, helium gas, liquid lithium, and liquid sodium.

Lithium, except when properly placed, absorbs neutrons too strongly, and

water overly moderates the spectrum. Helium gas must be used at high press-

sure. Sodium is an excellent coolant that can be used at low pressure

and has been selected. Several design features have been evaluated para-

metrically for the radial blanket and the conclusions of these studies follow.
1. An efficient fast neutron flux trap can be created by surrounding

the Na cooled fuel assemblies with pins of Li cooled by Na. Lithium poisons

the thermal flux and reduces the fission rate of the bred 233U. In addition,

1ithium breeds tritium upon capture of a neutron. The thickness of the Li

zones can be tailored to maximize the fissile production rate. In this way,

burnup of the fuel can be 1limited to 4300 MWD/MT while reaching 4% enrichment.



i-6

THE SOLASE-H LASER FUSION HYBRID

PELLET

FUEL MANAGEMENT
INJECTOR PUEL
REFLECTOR
LITHIUM INLET
UPPER
BLANKET 8210UTLET LINES
i prssscccocc o, HELIUM
| T/ OUTLET
0 \
! FUEL SODIUM
' ASSEMBLY # | - OUTLET
BEAM
| POR
. LITHIUM
k ZONES
FUEL
| ASSEMBLY #2
- REFLECTOR
|
T _SHIELD
FUEL
! ASSE MBLY# 31
Pb NEUTRON _
MULTIPLIER
]
HELIUM
INLET,
[
BUARK SODIUM
BLANKET SoDIu
REFLECTOR ]




[-7

8 LAST MIRRORS

o

LIGHT

ROG{T

LAST MIRRORS

LASER

Fig. 1.2-2



[-8

2. Creating the flux trap is an important generic design feature. Filtering
the thermal flux permits one to produce a flat enrichment profile across the
fuel assembly. A figure of merit that minimizes the enrichment nonuniformity
and maximizes the average enrichment rate can be defined. With this figure
of merit, the optimim design is not the one with the flattest enrichment
profile. For the optimum hybrid/LWR system, a penalty will be paid in the
fission reactor for a larger hot channel factor.

3. The peak to average enrichment across the assembly for the optimum design

is 1.1 with the highest enrichment at the outer edges cf the assembly. Thus,
the maximum peak to average value of enrichment varies by 10%.

4. LWR fuel is zircaloy clad. The radiation damage accumulated by this
cladding in the hybrid is approximately 5 dpa per year per Mw/m2 of 14 MeV
neutron wail loading. In the time to reach LWR enrichment, the damage level
reaches about 25 dpa. This value is quite reasonable when compared to
values of 100 dpa that have been accumulated in fast reactor experience.

Since there should be no appreciable radiation damage to the clad in the thermal
reactor spectrum, the exposure in the hybrid would seem to be tolerable. Hence,
the fuel will experience cladding damage in the hybrid with low fuel burnup

and high fuel burnup in the LWR without excessive cladding damage. A

firmer conclusion regarding fuel and clad performance must await a complete
analysis that includes these effects as an integrated study of the fuel
lifetime. Such work is currently in progress.

5. Lead serves as a much better neutron multiplying material for the
direct enrichment hybrid than beryllium. Lead does not soften the neutron
spectrum as much which leads to a flatter enrichment profile in the fuel
assembly without the Toss of as many neutrons in the Li filter zones. The
optimum thickness of lead multiplier is 10 cm when the volume fraction is

82% and the rest is structure and Na coolant.
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6. The flux trap idea can be extended to include the replacement
of some fuel assemblies with neutron scattering material such as Pb and C
to scatter the neutrons into the remaining fuel assemblies. Three-dimensional
Monte Carlo calculations show that this can be done with 1ittle impact on the
total fissile and tritium breeding per fusion neutron. With the total breeding
per fusion neutron nearly the same when half of the fuel is replaced by
scattering material, the time to reach a given fuel enrichment can be drastically
reduced. It is with this technique that the residence time can be limited to

about 2.5 years.

1.2.C FUSION PERFORMANCE PARAMETRIC STUDIES

In the direct enrichment hybrid the blanket multiplication and the
fissile breeding ratio are quite Tow. For these reasons the fusion power
must be large in order to make the system attractive. An analysis of fusion
performance in hybrids is done in SOLASE-H with particular attention to the
problems of the direct enrichment approach. The following observations
can be made:

1. To fuel two 700 Hwe LWRs (the same electrical output as the hybrid),
about 1200 MW of fusion power is required. This high fusion power makes it
difficult to simultaneously relax both the pellet yield and repetition rate
in laser fusion systems. The specific choice of parameters will depend upon
details of the driver.

2. Power supply costs will dominate the Taser economics for hybrids

just as they do for pure laser fusion systems if capacitive power supplies

are used.

[.2.0 HYDROSEN FLUORIDE LASER ASSESSMENT

As part of the SOLASE-H study, an assessment of the hydrogen fluoride

laser was done and the following conclusions have been drawn.
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1. A 2 MJ HF laser with a shaped pulse (3 ns at peak power of 300 TW)
appears to be feasible. This laser can be built from 20 compact 100 kJ final
amplifiers.

2. Angular multiplexing can be used to compress the natural HF pulse
length of 15 ns down to 3 ns. This requires a total of 56 beams to deliver
2 MJ to the target. A pulse width of 15 ns is generally considered too long

for laser fusion target performance but 3 ns should be satisfactory.
3. A total laser efficiency of about 2.5% (including an 80% beam transport

efficiency) can be achieved. The electrical efficiency for this system is 25%.
4. The HF Taser is likely to be repetition rate limited by chemical

reprocessing and laser cavity pumping considerations. Repetition rates of

4-6 Hz are manageable.

I1.2.E  SUMMARY

In general, the direct enrichment hybrid approach allows the hybrid to
have an impact in a nuclear future that does not have LWR fuel reprocessing
in the near term. However, this option comes with a seriously degraded
breeding performance compared to the application of hybrids with fuel re-
processing. Because the support ratio is low the overall system economics
will more sensitively depend upon the cost of the hybrid. Hence, the near
term development of the nuclear fission industry with no reprocessing
coupled to hybrids has considerably more technical and economic uncertainties

than the conventional approach of hybrids and reprocessed fuel.
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[.3. OVERVIEW OF THE SOLASE-H STUDY

I.3.A. FISSILE FUEL CYCLE

The most important feature of the SOLASE-H study is the direct enrich-
ment of LWR fuel assemblies in the hybrid blanket. Assemblies are manufac-

tured using only fertile fuel. In the case of SOLASE-H, this is ThO Once

5"
the average fissile enrichment reaches 4%, these assemblies are removed from
the blanket and directly loaded into LWRs with no intermediate reprocessing.
We have considered two hybrid scenarios involving direct enrichment. The
first assumes reprocessing of fuel is not possible. In this circumstance, can
the hybrid help extend the fissile fuel supply in an economical fashion?
The second scenario assumes fuel reprocessing with the hybrid functioning as a
fuel factory. Enriched assemblies are exposed for a short time in the hybrid
to render them radiocactive and more resistant to diversion. In either case,
the fuel shipped to and from the LWR is resistant to diversion by the nature

of the hot fue](]o)

and by the fact that the fissile material occurs only in
hot fuel bundles rather than as fresh fuel pellets.

The details of the first scenario are outlined in Fig. I1.3-1.

The cvcle includes four steps:

1. Fertile fuel, Th02 or UOZ’ is fabricated in a form that is
directly usable in a LWR. (Other fission reactors could be
incluced but the LWR is used here because it is the workhorse
of the U.S. fission reactor industry.)

2. The cold, clean fuel assemblies, containing only fertile fuel, are
placed in the hybrid blanket and carefully enriched to a nearly
uniform concentration of 3-4% fissile fuel as required by the LWR.

3. The enriched, and now highly radiocactive assemblies, are transferred

as units directly to the LWRs for burning of the fuel.
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The spent fuel from the LWR is stored until a decision is made on
reprocessing or storing or both. If feasible, the spent fuel

can be reinserted into the hybrid to be reenriched for further
burning in the LWR. This possibility depends on both the importance
of fission product buildup to LWR performance and the radiation
damage to the fuel and cladding.

attractive features of this cycle are the following:

The fissile fuel reserves are extended substantially. Assume the
average LWR fuel enrichment is 3%. This is 4.3 times the natural

235 238U. Therefore, the fissile fuel reserves

abundance of U in
are extended by 4.3 x (Thorium Resources + Uranium Resources).

Here, if we assume the thorium resources are no larger than the
uranium resources, the fissile fuel supply is extended by a factor
of 8 to 9 without reprocessing.

The system is resistant to diversion because fissile material occurs
only inside highly radioactive fuel assemblies. Only fresh fertile
material is fed to the hybrid, and upon removal, the fuel pellets
contain fission products that are highly radioactive and the pellets
themselves are contained in rod assemblies with highly activated
cladding. Access to the fissile material is thus very difficult
making the entire cycle diversion resistant according to the guide-
lines of Feiveson and Taylor.

The extension of the fission fuel supply using the hybrid produces
additional time that can be used to make deliberate decisions on

issues such as internationally controlled, physically secure fuel

production and fuel reprocessing centers.
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4. The manufacturing of fresh fertile fuel pellets can proceed without
the handling problems inherent in the use of a radiation spiking
material such as 6000. This avoids any legal or safety issues
associated with the deliberate addition of dangerous materials.

The major disadvantage of this approach is that it does not take full
advantage of the fertile fuel reserves. To achieve a fuel supply measured
in thousands of years, rather than just a few hundred, fuel reprocessing is
essential. With reprocessing, one hybrid reactor is only able to supply
fissile fuel to about 2 LWRs of the same thermal power. This has the
economic impact of increasing the effective fuel cost. Without reprocessing
of the spent LWR fuel, on the order of 10 LWRs can be fueled from one
hybrid of equivalent power, depending on the conversion ratio of the LWR
or other convertor reactor.

The proliferation resistant fuel cycle can be extended to include
reprocessing of the spent fuel if one follows a structure such as outlined

(10) of internationally controlled, physically secure

by Feiveson and Taylor
fuel production and reprocessing sites combined with many national convertor
reactors "outside the fence." This process involves the six steps outlined
in Fig. I1.3-2.

After mining for fertile material or utilizing the stockpile of depleted
uranium (Step 1), fertile fuel is fabricated into any form suitable for use
in the hybrid reactor (Step 2) and inserted into the hybrid (Step 3), where
fissile material is produced. The fuel need not be in a form directly usable
in a fission convertor reactor even if this were feasible. The fuel produced

in the hybrid is reprocessed (Step 6) and returned to Step 2 for refabrica-

tion into properly enriched fission reactor fuel.



s3maw3ssv 13nd
d3iviavydl LN3dsS

Y

2-€°1 'bi4

(9 d31s)
13Nd HO1lOv3d LN3dS
WOHd vIid3LviN 3111434
ANV 37ISSid H3IAQO3H

ONISS300Hd3d

(§ 4319)
(ANVI)
SHOLOV3H
HILHIANOD
NOISSId
S31MaW3SsY
13n4d a3iviavudi
Q3HOIENI AN
(¥ 431s)
HOL1OV3H NOILYIQyuY|
H3IMOd MO
(e 4318)
S3INan3ssy - 13n4
e RE—————
13n4 (Q3HOIYNT LOH % 13nd
Q3HOIYNT 37ISS1d  I09NA0Hd
WHOHINN—NON didgAH

(L d31s)
T1dMO0LS WNINVHN
a3137d3aa
AOTdW3 HO
VIH31lvW 37711434

HOd 3NIN

\

a3and
Aa3HOIEN3

13and 3711434

(2 4319)

S3INan3sSY
73Nd HOLOv3d Q3IHOILNIT
4O 3711434 30Naodd

Ad0LOvVd 13nd

H31IN3D HNISSTO0HdIH ANV NOILONAOHd 13Nd 3HNO3S A1IVOISAHA ‘GIHOLINOW ATTTVNOILYNHILNI

ONISS300HdIY HLIM AHOLOVH 13Nd vV SV W3LSAS QIHEAH 3HL



I-16

This fuel is now irradiated in a low power fission reactor (Step 4)
to a burnup level of about 0.4 MWd/t. For LWR type fuel, this level of
burnup is sufficient to render the fuel self-protecting under the guide-
lines of the Code of Federal Regulations. At this point, the hot fuel is
shipped from the secure site to the fission convertor reactors (Step 5).
Upon completion of fuel utilization in the fission reactor, the hot spent
fuel is returned to the secure site for reprocessing (Step 6) and re-use
of both the fertile material (in Step 3) and the fissile material (in
Step 4).

The advantages of this approach are several. First, the fuel supply
is measured in terms of the fertile material abundance and thus will last
for thousands of years. Second, fuel shipped to and from the convertor
reactors is always radioactive and would be resistant to diversion and
reprocessing for the reasons described earlier. Third, the convertor
reactor need not be restriced to a LWR, although using these reactors
will minimize the need to develop additional fission reactor technology.
Fourth, the ratio of power production outside to inside the secure site is
very large. This minimizes the number of required secure sites. Finally,
the use of a low power fission reactor to effectively "spike" the fresh
fuel assemblies eliminates the concern about the fissile fuel distribution

in an assembly that arises when the direct enrichment process is used.

1.3.8 FUSION PERFORMANCE FOR HYBRIDS

In a laser fusion reactor, the relatively low laser efficiency
(1-10%) must be compensated by a large target gain (100-1000) to maintain

an economically acceptable recirculating power fraction (25%). Furthermore,
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either very large yields (- 1000 MJ) or a Targe repetition rate (- 10 Hz)
is necessary to produce significant amounts of power (.~ 1000 Mwe)h A
fusion-fission hybrid reactor has the potential of reducing all of these
fusion performance requirements. This is a consequence of the fusion
neutron energy multiplication in the hybrid blanket resulting from fission
reactions. For the direct enrichment hybrid that is the basis for the
SOLASE-H study there is a desire to minimize the number of fissions in the
hybrid blanket to maximize fissile fuel production. However, even with
blanket designs that minimize the fission rate, the multiplication is 1.5 to 5.
This fusion neutron enerqgy multiplication in the blanket can be related
to the overall system performance by the use of three relations. The re-

circulating power fraction is given as

fp = (”th n G M)—]

where "th is the thermal efficiency of the plant is the laser

s T]L
efficiency, G is the target gain and M is the fusion energy multiplication

due to fissions in the blanket. The gross electric power is

Pe = G EL O Ny, M

where EL is the laser energy on target and w is the pulse repetition
frequency. These two simple definitions must be combined with a relationship
between laser energy and target gain. This is, of course, unknown at this

time, but a reasonable estimate might be

7

6 = 100 E (M),

L
For laser fusion electric power reactors, it is customary to assume
that the recirculating power fraction must be less than 0.25 for an economical

system. In the case of a hybrid reactor, this is not necessarily true
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because the hybrid reactor cost can be distributed among the costs of all of
the fission reactors that it supports. Hence the net electric power produced
by the hybrid can be a small fraction of the total power produced by the

hybrid and fission reactor system and changes in this small fraction may make
1ittle difference to the overall cost of electricity. The average capital cost

electricity for the whole system can be defined as

p.C, + NP, C g

H'H HF (2)
Ny PH(1 - fR) + nF.PHN kwé

FoM =

where PH is the thermal power of the hybrid, CH is the cost of the hybrid in
$/kwt, CF is the cost of the fission reactor in $/kwt, N is the number of
fission reactors of equal thermal power supported by the hybrid (the support
ratio) and My and ng are the thermal efficiencies of the hybrid and fission
reactor. If we normalize the hybrid unit cost to the fission reactor unit

cost

§ = CH/CF,

then we can write our figure of merit as

FoM _ § + N
CF ”H(] - fR) + nFN

This is plotted in Fig. I1.3-3 as a function of fR for different specific values
of N and 6. If the hybrid is able to support 10 fission reactors of equivalent
thermal power, then the total capitalcost of electricity is insensitive to the
recirculating power fraction, lines (2) and (4). However, if the hybrid is
only able to support two fission reactors, as in the case of the direct enrich-
ment scheme without fuel reprocessing, then the .capital cost is quite .

sensitive to the recirculating power fraction. For 1ine (1) in Fig. 1.3-3,
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the total capital cost is about 1.3 times the capital cost

from a fission reactor if the recirculating power fraction is taken to be
0.25, but if it is instead equal to 1.0, then the total capital cost is

twice that of a fission reactor. This is the situation for the SOLASE-H

study where reprocessing is not allowed. It is therefore worthwhile to look
at the cost scaling of the laser fusion hybrid reactor itself as a function

of the major cost items. We do this analysis assuming that the recirculating
power fraction is 0.25. If the thermal efficiency is assumed to be 0.4, then
the relationship between target gain, laser efficiency, and energy multiplica-

tion can be written as

This is the well known expression indicating that the product of target

gain and laser efficiency must cqual ten for a 25% recirculating power
fraction. For pure Tlaser fusion this expression can presumably be

satisfied by a 1% efficient laser and target gain of 1000 or by a 10% efficient
laser and target gain of 100. However, there are economics of scale and

other engineering factors that may prohibit some ranges of . and G.

For instance, the cavity size and hence its cost is determined by the yield
from one pellet explosion. Using the above relations the yield can be

expressed as a functicn of Taser efficiency to give

Y(M) = 2.6/(MnL)]‘6



I-21

Thus a 1% efficient Taser must give a yield of 3920 MJ to provide a 25%
recirculating power fraction for M=1. If 1000 Mwe of net power 1is assumed, then
the repetition rate will be

)1.6 .

o(s™h = 1292(Mn

For nL=O.01 we find «=0.85 Hz. Furthermore, high target gain requires a
large Taser energy. If the laser efficiency is low then the amount of stored
energy in the capacitor banks will be very large,

Stored Energy (MJ) = EL/nL = 0.26/(Mn|_)1'6 ,

Hence, a 1% efficient laser requires 390 MJ of stored energy to produce
1000 Mwe of net power. Such large amounts of stored energy can make the
laser system very expensive. Empirical evidence shows that the cost per

(11)

joule of power supplies scales 1ike

are the cost per joule and the repetition rate of a reference

where C_ and o
0 o}

system. The repetition rate is related to the lifetime of the system. For

10 shots

instance, the reference system might be one that provides 10
over 30 years at 70% plant factor. This would give m0=15 Hz. The parameter,
n, is determined from empirical observation to be about 1/4. Using this
formula for power supply cost along with the other three formulas the cost per
kilowatt installed can be expressed as

- 2000 ¢, "

n

kwe(net) M W,

where the normalization cost, CO, is given in $/J and a factor of two has been

included to account for indirect costs. With this formula the power supply cost
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is plotted as a function of driver efficiency for two different net electri-
cal power outputs, 100 Mwe and 1000 Mwe, and for three different blanket
energy multiplications, 1, 5, and 10, in Fig. I1.3-4, assuming Co = $3.50/J,
fr = 0.25, and Nep = 0.4. Also included in Fig. 1.3-4 are the specific
fusion parameters associated with a power supply costs of $200/kwe. This
value is chosen to represent the maximum allowable power supply cost assum-
ing the total plant cost to be roughly $2000/kwe. (If one hybrid provides
fuel for a greater number of fission reactors, it may be possible to spend
a greater amount of power supplies.) For 1000 Mwe and M = 1, the minimum
laser efficiency that is consistent with a power supply cost of $200/kwe
is 4.4%. However, if M = 10, then a 1.9% laser can be used. For a power
of 100 Mwe, the lasers' efficiencies for M =1 and M = 10 are 19% and 8.1%,
respectively. This clearly shows the economy of scale that is associated
with power supply cost. When the power level is low, the laser must be
efficient to minimize the size of the power supplies. The effect of blanket
multiplication is to lower the acceptable laser efficiency, target gain,
and hence laser energy. This is very important, because each individual
laser type has its own efficiency. This efficiency may be too low for
laser fusion electric power reactors. However, the same laser might be
very attractive for hybrid applications if it has other desirable character-
istics. For instance, it may be necessary to multipass the CO2 laser to
achieve efficiencies of 10% which may be needed for laser fusion, but an
efficiency of 2% may be obtained without multipassing. This could greatly
simplify the laser design for a hybrid reactor.

The blanket multipliication also relaxes the amount of fusion power.
For 1000 Mwe and M = 10, the fusion power is only 330 MW. The laser energy
and target gain are also relaxed. With a smaller yield, the cavity can be
smaller and less costly. The exact scaling of cavity cost has not yet been

included.
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These results must be treated with some caution though, because the power
supply and reactor cavity cost scaling favors high repetition rate systems.
Other factors such as target manufacturing, laser gas reprocessing, cavity
pumping and target injection, will favor Tow repetition rate systems. So little
is known at this time about target design and target manufacturing techniques
that cost scaling estimates have not been made for this important part of
the plant economics. However, laser gas reprocessing is a significant
consideration in determining the SOLASE-H laser repetition rate.

Another factor important to the performance of the direct
enrichment hybrid studied in SOLASE-H is the amount of fusion power. The
amount of fissile fuel that is produced or conversely the length of
exposure time that is needed to reach 4% fissile enrichment in the blanket
will depend on the amount of fusion power. The fissile fuel production can
be related to the fusion power by the formula

233

kg of U/year = 5.44 P fn (UBR) (PF)

f

where P]c is the fusion power in MW, fn is the fraction of fusion energy in

neutrons, UBR is the uranium breeding ratio, and PF is the plant factor.

239Pw production is 5.3 rather than 5.44. The LWRs

The coefficient for
in use today operate with a fuel burnup of 33,000 MWI/MTU. Assuming 4%
enrichment, 1000 MWg, and 70% plant factor, the number of LWRs supported
by one hybrid is

# of LWRs = 5.9 x 107
“Hybrid

Pefn (UBR) (PF)

If the fraction of energy in neutrons and the plant factor are both 70% then

the fusion power can be expressed as

P. = 345 (#-LWR)/UBR.

.F
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If we desire to fuel two LWRs without recycle from one hybrid with UBR=0.6,

then Pf=1150 MW. This large value of fusion power that is required for the

direct enrichment hybrid places more severe constraints on the fusion

subsystem than might otherwise be required in other hybrid systems.

Production of this high fusion power and minimization of the blanket multiplication
will be dominant considerations in the design of a direct enrichment

hybrid reactor.

1.3.B-1_ CONCLUSIONS REGARDING FUSION PERFORMANCE FOR HYBRIDS

The fusion performance in hybrids is most strongly influenced by the
fusion neutron energy multiplication in the blanket. With this multiplication
a lower fusion power can be used than in a laser fusion reactor with the same
electrical output. Furthermore, the requirements of target gain and laser

efficiency need not be as great to restrict the recirculating power fraction

to a reasonable value, 0.25. For large support ratios, the recirculating power
fraction can become large without severely penalizing the overall electricity
cost. Lower fusion power levels suggest that lower target gains and/or laser
repetition rates can be used. However, each of these characteristics varies
approximately linearly with the multiplication, and it is difficult to simul-
taneously relax everything by a large amount.

The particular fusion parameters to be reduced will depend on the system.
In the case of lasers, the efficiency might be lowered to allow the use of
an otherwise uneconomical laser candidate. The repetition rate might also be
reduced to reduce the laser gas reprocessing. Lasers such as HF and KrF
might be included in this category. For high efficiency drivers such as
electron beams, and possibly CO» lasers, the target gain might be relaxed.
Here there is little problem with gas reprocessing but the target performance is

in question.
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The cost scaling of power supplies favors high efficiency lasers,
particularly at low plant power levels, ~100-300 MWo. In fact, drivers
with efficiencies Tess than about 10% may be unacceptable for such Tow
power reactors, including hybrid reactors. This is a serious problem
for the Tow efficiency, short wavelength Tlasers that are expected to give
very large target gain. The energy for these lasers is 2-4 MJ implying
enormous amounts of stored energy. Unless alternative low cost power
supplies can be developed, this approach to laser fusion may be uneconomical at
the Tow power demonstration level of power plant development. This could
severely hinder the progress toward a full scale power reactor.

For the case of the direct enrichment hybrid the blanket multiplication is
Tow, only 1.5-5. Therefore the laser efficiency and target gain cannot
be significantly relaxed over the fusion electric case. In addition, the fusion
power must remain high to produce fuel for at least two LWRs per year. This
fusion power level is approximately 1200 MW. Hence the yield and repetition
rate cannot be significantly reduced from the fusion electric case.
However, if the target gain is kept high, 200-300, then the laser efficiency
can be reduced to about 2%. In this case, either a single-passed CO» laser
or an HF Taser becomes very attractive. In the SOLASE-H study, the HF laser was
investigated in detail. Hence the major impact of the direct enrichment
hybrid concept on the fusion performance is 1ikely to be the allowance for
a lower laser efficiency. In this case, the HF laser can become an attractive

driver candidate.
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1.3.C BLANKET NEUTRONICS

The basic blanket design for SOLASE-H is shown in Fig. 1.3-5. The
reactor cavity is cylindrical with fissile fuel only being bred in the
circumferential blanket. The top and bottom blankets are devoted to
breeding tritium. The radius of the cavity is taken to be 6 m and the height
is 12 m. This allows 3 LWR fuel assemblies to be stacked in the blanket
while the fraction of solid angle subtended by the circumferential blanket

is 70%. The blanket structure is zircaloy, to be compatible with the cladding

of the fuel assemblies., If stainless steel were used as the structure

there is the possibility of carbon transport between it and the zircaloy
cladding by the Na coolant. The first wall is 0.2 cm thick and is scalloped
as shown in Fig. I.3-5to accommodate the Na coolant pressure in the blanket.
Directly behind the first wall are pins of Ph, clad in zircaloy. This Pb
serves as a neutron multiplier, thus enhancing the fissile production

rate.

The zone containing LWR assemblies is surrounded in the front and rear
with pins containing Li. These Li zones both breed tritium and filter thermal
neutrons that might otherwise diffuse into the fuel assemblies and induce
fission. By poisoning the thermal flux, they enhance the uniformity of
enrichment across the LWR assembly. Behind the LWR fuel zone and its Li
filter is a Pb and carbon reflector. The fuel zone is therefore surrounded
by fast neutron reflecting material and thermal neutron filters. The
assemblies behave as a fast neutron flux trap, thus maximizing the fissile
fuel breeding rate. The reflector is followed by an outer Li zone to capture

any leaking neutrons.
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This blanket is studied using both the one-dimensional ANISN neutron
transport code and the three-dimensional MORSE Monte Carlo code. One-
dimensional calculations are used to study the detailed spatial dependence
of the neutron flux in the radial direction., The enrichment profile
across the fuel assembly and the number of breeding captures per fusion
neutron are studied parametrically as a function of blanket design. Once
an optimum blanket design is established for the radial blanket, three-
dimensional calculations are done to compute the total fissile and tritium
breeding ratios and also to compute the axial enrichment profile in
the fuel. In addition, these three-dimensional calculations are used to
optimize the enrichment rate by reducing the fertile fuel inventory in
the blanket. This is accomplished by replacing some of the fuel assemblies

with neutron scattering material.

1.3.C-T. PARAMETRIC STUDIES OF RADIAL BLANKET PERFORMANCE (ONE-DIMENSIONAL)

For the purpose of parametrically studying the neutronics performance
of the fissile fuel breeding zone, this radial blanket is modelled using
one-dimensional spherical geometry and the ANISN neutron transport code. The
calculations are done usina a 25 energy group cross section set and the P3-S4
approximation. The most important results of these calculations are (1) the
average number of fissile atoms produced per fusion neutron and (2) the enrich-
ment profile across the fuel assembly in the radial dimension of the blanket.
A flat enrichment profile is of course desired. To optimize these
two performance characteristics different neutron multipliers (Be,Pb) and
different coolants (Na,Li,Pb4L1) are investigated. In addition, there is
a study of the effects of the Li zones surrounding the fuel. For these
calculations the blanket is modelled as shown in Fig. 1.3-6. The PWR fuel
assembly 1is chosen to have the dimensions given in Fig. 1.3<7. The results

of the parametric calculations are summarized in Table I.3-1.
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Different thicknesses of Be as the neutron multiplying material (case #'s 4,
5,6,7) yield the tritium and 233U breeding ratios shown in Fig. 1.3-8. As
the Be thickness becomes greater there is an increase of the Be (n,2n) reactions
and a decrease of the Th(n,Y) reactions. This gives a greater total breeding
ratio. However, the thicker Be zone also significantly moderates the neutron
spectrum resulting in the increase of the 6Li(n,t)u absorption reaction. The
optimum thickness of the Be front zone is about 10 cm. In this case, the 233U
breeding ratio UBR=0.9 and the tritium breeding ratio TBR=0,67. This latter
value meets the criterion that the tritium breeding ratio in the radial blanket
be about 0.6. (It is assumed that the remainder of the tritium is produced
in the top and bottom axial blankets. Three-dimensional Monte Carlo calculations
are done to design the total blanket and these are summarized in the conclusions.)
The second important blanket performance criterion, uniform fuel enrichment,
is not met with the Be neutron multiplier blankets. The Th(n,y) reaction
rate per DT neutron is shown in Fig. 1.3-9 as a function of position
through the fuel assembly. The peaking of the reaction rate near the
front and back of the fuel zone is due to a self-shielding effect. The
effect becomes worse for thicker Be zones because the neutron spectrum
is further softened. Hence, although the Be neutron multiplier increases
the number of breeding captures to 1.67, it does not provide a flat enrich-

ment profile.
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The use of Pb as a neutron multiplier is investigated in cases #9-13.
The various blanket configurations for these cases are again shown in
Table 1.3-1 and Fig. I.3-6. The important neutron production and
absorption reaction rates per DT source neutron are shown in Fig. 1.3-10 as
a function of the Pb zone thickness. In these cases the Th(n,y) reaction
rate steadily increases with an increase of the neutron multiplier zone
until a thickness of 20 cm. Furthermore, the competition between the Th(n,y)

and 6

Li(n,t)a reactions for neutron absorption does serve to flatten the
Th(n,y) reaction rate profile in the fuel assembly. If it is assumed

that the Th(n.y) reaction rate profile does not change when the fuel
assembly 1is rotated 180° after some exposure time, then the resultant
profiles are those shown in Fig. I.3-11. As demonstrated by case #10, the
profile can be made quite flat by enriching the Li zones that surround

the fuel with 6Li“ This further shields the fuel from the thermalized
neutrons that create the peaking near the edge of the assemblies. However,
this increased filtering and flattening of the enrichment profile is at the

expense of the average Th(n,y) reaction rate.

1.3.C-2_ FIGURE OF MERIT FOR BLANKET PERFORMANCE

233U

This trade-off between enrichment profile uniformity and total
breeding ratio requires the establishment of an optimization criterion.
The optimum blanket will have the smallest maximum to average Th(n,y)
reaction rate profile, denoted by R, while having the highest value of

UBR. Thus, the figure of merit, FM, can be defined as

FM = UBR/R ,
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and this should be a maximum. However, FM is proportional to (UBR)Z/Th(n,v)max
since the average Th(n,y) reaction rate is proportional to UBR. The FM
values are given in the box on Fig. I.3-10.

1.3.C-3  NEUTRONICS CONCLUSIONS

A flat enrichment profile can be achieved across the fuel assembly by
filtering out thermal neutrons using surrounding Li zones. However, this
flatness is achieved at the expense of the average Th(n,y) reaction
rate. A figure of merit can be established that optimizes these two
effects. The result is that the most uniform enrichment profile is not
the most optimum. This means that one can afford to pay the price of
a greater peaking factor in the LWR to increase the productivity of the hybrid
reactor. Such a conclusion must yet be further verified by neutronics
calculations in the LWR core.

To achieve the optimum combination of high breeding ratios and flat
enrichment profiles, lead is a much better neutron multiplying material
than berylljum. The optimized blanket according to the figure of merit
is case #13. In this blanket the neutron multiplier zone is 10 cm thick
and the UBR and TBR are 0.94 and 0.62, respectively. The maximum to
average Th(n,y) reaction rate across the fuel assembly is 1.1.

These one-dimensional studies guided a three-dimensional neutronics
design of the blanket where fissile and tritium breeding in the radial blanket
are computed along with the tritium breeding in the axial blanket. These
calculations are done by taking a pie-slice of the blanket as shown in

Fig. 1.3-12. In addition to the basic blanket design described earlier,
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these three-dimensional studies also include blanket designs where some of the

fuel assemblies are replaced with neutron scattering material, to cut down
the fuel inventory in the blanket.

These 3-D calculations show that an average 233

U breeding ratio of
0.4-0.6 can be achieved along with a tritium breeding ratio of 1.0.
The breeding rate density in the fuel can be significantly increased by
replacing every other fuel assembly with an equal volume of neutron
scattering material such as lead. The fuel assemblies continue
to be a fast neutron flux trap and this reduction of absorber material does
not significantly reduce the total absorption rate in the entire blanket.
But because there is only one-half as much fuel, the absorption rate
density is increased and the time to reach 4% enrichment is reduced by a
factor of two over the case where the blanket is fully loaded with assemblies.
This lattice arrangement of the fuel assemblies and scattering material,
therefore, appears to be a very attractive design feature. It, in fact,
may be applied to more general hybrid reactor designs to reduce the fuel
inventory if this is desirable.

There are significant enrichment nonuniformities along the axial
direction. These nonuniformities can be compensated for by a fuel management
program that moves fuel from the top to the bottom of the reactor as well as rota-

ting it by 180°. This fuel management scheme has not yet been worked out.
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[.5.0  EFFECTS OF FUEL BURNUP

These enrichment rate calculations do not include the effect of fuel
burnup. However, one-dimensional calculations that include burnup have
been done to measure its effect on the time to 4% enrichment and the enrichment
profile in the fuel assembly. Important changes resulting from burnup
are: (1) the buildup of 233U, (2) the depletion of 232Th, (3) the burning

of the bred 233y

, and (4) the buildup of fission products. Fission product
buildup is not included in these studies. With such a hard spectrum this
should be a reasonable approximation. The other three effects are included
by solving simple rate equations for the changes in number densities between
different ANISN calculations. New number densities are used in each

233U that is burned up

succeeding ANISN calculation. The percentage of
as a function of time is shown in Fig. I.3-13 for the optimum blanket.
For these one-dimensional calculations the time to 4% enrichment is about

233U is burned up before

2.0 years. Hence, approximately 11-12% of the
4% enrichment is achieved. This corresponds to a heavy metal burnup of 0.44-
0.48%. This also corresponds to 4300 MWD/MTU of equivalent fission reactor
burnup. These calculations indicate that burnup effects will change the

time to reach 4% enrichment by about 10-12%. Calculations are also done to
determine the effect of burnup on the enrichment profile in the assembly
after it has been rotated 180° at the half-way point in its exposure time.

233U does

These calculations indicate that the effect of burnup and the bred
not significantly affect the enrichment profile after rotation so that

a simple superposition of the profiles, as shown in Fig. I.3-17, is justified.
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1.3.D-1 CONCLUSIONS OF BURNUP CALCULATION

The equivalent average burnup of the fuel in the hybrid blanket is only
4300 MHD/MTU. This corresponds to about 0.44-0.48% of the heavy metal being burned
while in the blanket. This Tow burnup (i.e., fission rate) is due to the
Li zones that surround the fuel assemblies and filter out the thermal flux.
Hence, this fast neutron flux trap and thermal neutron filter are very
effective at maximizing the fissile breeding rate while minimizing the fission
rate. Such an arrangement would also be applicable to other hybrid designs

where the constraints of SOLASE-H are not included,
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I.3.E. HYDROGEN FLUORIDE LASER

As part of the SOLASE-H study a specific assessment of the hydrogen fluo-
ride laser is conducted in enough detail to identify potential problems and
assess the general feasibility and practicality of developing this Taser as an
ICF driver. Although particular parameters are used in this study to couple
with the other parts of the design, discussion is given to the consequences
of varying these parameters so that a more general evaluation can be made.

From the fusion performance analysis reported in section I.3.B and in
Part III of the report, the HF laser appears to be a good laser candidate for
hybrid reactor applications. It is capable of delivering high energy (>1 MJ)
and high power (>100 TW) to the target at a modest efficiency (~2%). However,
this efficiency is a combination of electrical and chemical efficiency. The
electrical efficiency can be as high as 20-100%. Such a high electrical
efficiency can greatly reduce the problem of the power supplies discussed in
section I.3.B. The burden is then, of course, shifted to the efficiency of
the chemical reprocessing. The specific design parameters that guided the
investigation of the HF Taser are shown in Table I.3-2, along with the param-
eters used in the SOLASE (laser) fusion electric power reactor study. For
SOLASE-H, the laser energy on target is increased from 1 MJ to 1.6 MJ, but
the power is reduced from 1000 TW to 240 TW. 1In SOLASE-H there is considerable
attention given to pulse shaping, with the high power part of the pulse being
3 nsec long. In SOLASE the pulse length is 1 nsec. This change of parameters
between SOLASE and SOLASE-H reflects the changing designs of high gain targets
between 1976 and 1979. The repetition rate in SOLASE-H is considerably Tlower
than in SOLASE to relax the requirements on laser gas reprocessing, cavity

pumping, and target injection.
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Table 1.3-2

Design Parameters for SOLASE—An Electric Power Reactor

Energy on Target 1T M
Energy Generated 1.1 M
Peak Power on Target 1000 TW
Pulse Width (FWHM) 1 nsec
Minimum Efficiency 6.7%
Pulse Repetition Frequency 20 Hz

Design Parameters for SOLASE-H—A Laser for a Hybrid Reactor

Energy on Target 1.6 MJ
Energy Generated 2 MJ
Peak Power on Target 240 TW
Pulse Width 3 nsec
Minimum Efficiency 2.6%

Pulse Repetition Frequency 4 Hz
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The HF Taser considered for this study is pumped by the chemical chain
reaction between H2 and F2 and utilizes a 3000/900/100 Torr mixture of
Fol0,/H, (Fig. 1.3-14). Once the reactions are initiated (in this case
by dissociating F2 and H2 with an electron beam), they will proceed until
all the available reactants are consumed. This has the result of increasing
the electrical efficiency of the laser because additional chemical energy, and
therefore 1ight energy, is generated via the chain reaction for each initial
dissociation. This increase in electrical efficiency is advantageous because
it decreases the electrical energy storage requirements. The electrical
and chemical efficiencies are shown in Fig. I.3-15 as a fumctien of the
hydrogen partial pressure. The most convenient confiquration for the laser
cavity appears to be a box in which two sides comprise the optical windows,
two sides the electron beams, and two sides the gas flow channels, Fig. I.3-16.
This results in a square aperture approximately 1 meter on a side. Quartz
windows are available in these dimensions. In order to withstand the pressures
the windows will have to be 6 to 7 cm thick. Given the aperture area of

4 cm2 determined by energy density 1imits and a total volume of 333 £, the

10
Tength of the amplifier is approximately 34 cm.

Another factor that will affect the actual size of the laser cavity
is the necessity to multi-pass to reduce the pulse width on taraget.

This technique requires passing beams through the cavity sequentially

in time with each beam at a slightly different angle. Thus, the size of
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the aperture must be increased slightly such that the beam area can be 104 cmz.

For the base parameters, the size of the aperture must be 102 x 102 cm and
have a length of 34 cm.

The natural pulse shape from the HF amplifier is unsuitable for
target irradiation. For this reason the final amplifiers must be multi-
plexed to divide this natural pulse into a number of shorter pulses and
then recombine these shorter pulses into the desired pulse shape. Beams
are passed through the same amplifier at different times and at different
angles (angular multiplexing). Then the beams are allowed to travel
far enough that they physically separate. When physically separated each
beam can be handled independently and the distance each must travel to
reach the pellet can be adjusted so that they arrive at the target at
the appropriate time. Such a technique appears essential because there are
no known methods of electrically or mechanically switching such high
energy beams on such short time scales.

One of the best schemes for extracting energy from the natural pulse
appears to be to divide it into three parts, as shown in Fig. 1.3-17b. Thus,
three beams must be used to extract the energy: ones that extract the first
9 nsec, the next 3 nsec and the final 6 nsec as measured along the base of
the pulse. Only two pulse widths, 18 nsec and 3 nsec, are required from the
front-end of the laser to accomplish this. The last 9 nsec of an 18 nsec pulse
from the front end is used to cover the first 9 nsec of the natural pulse from
the power amplifier. This is followed by a 3 nsec pulse from the front end
and this is, in turn, followed by the leading 6 nsec of another 18 nsec pulse.
Since there appears to be no convenient way to combine beams, each beam must be
independently transported to the target and combined at the target as illustrated

in Fig. I.3-17c.
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Eighteen of the 20 final amplifiers can be multipassed in this manner,
and the full energy from the other two can be extracted. Then a pulse, as
shown in Fig. I1.3-18,can be formed by using the two long pulses to form the

"foot" and stacking the remaining pulses, as indicated in Fig. I.3-17c.

1.3.E-1 EFFICIENCY OF THE HF LASER SYSTEM

One of the most important parameters of the laser system is the net
efficiency. This efficiency includes all of the energy costs of running
the laser. It is this efficiency that largely determines the economics
of the ICF reactor.

The net efficiency can be defined as

Laser Energy (EL)
N = E(e-beam) + E(B-field) + E(chemical) + E(gas flow) + E(other)"

This expression can be inverted and separated for easier evaluation.

This yields:

1 _ E(e-beam) E(B-field) , ...
n EL EL

or

1 1 1
v = Tle-beam) ' n(B-field)

This expression separates the high grade energy (such as the e-beams)
which seriously affects reliability, from Tow grade energy (such as gas-
handling pumps) which is assumed to be reliable.

The final wall-plug efficiency of the e-beam is n(e-beam) = 0.28.
The efficiency of the magnetic field required to prevent pinching of the
e-beams and scattering of the e-beam to the windows is found to be

n(B-field) = 1.65.
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The factors that make up the chemical efficiency include the basic chemical
efficiency (laser energy divided by the energy released by the chemical reac-
tion), the efficiency of regeneration of the gases, and a volume efficiency,
since the fuel mixture will be somewhat larger than the cavity volume. These
efficiencies are summarized in Table [.3-3, and the net chemical efficiency
is found to be n{chemical) = 0.04.

The net efficiency of the laser is estimated to be 3.4%. A final
factor to be included is the efficiency of delivering the laser energy
to the target. It is estimated that only 80% of the energy is ultimately
focusable on the target. This includes effects such as imperfect beam quality,
absorption by the mirrors, misalignment, and wavefront distortions. This
effectively reduces the efficiency to 2.7%. Of course, increasing the
fraction of focusable energy would make considerable impact on the net

efficiency.

High-quality energy is represented only in the e-beam drivers and
related external magnetic field supply. Thus, on a per pulse basis,
the 2 MJ HF laser requires 51 MJ of lTow-quality energy but only 8.4 MJ
of high-quality energy. Since it is the high-quality energy that seri-
ously affects the reliability of the laser, this is a great advantage
that the HF laser has over other lasers which have lower electrical
efficiencies and, therefore, a greater reliance on high quality energy.

[.3.E-2 CONCLUSIONS CONCERNING THE HYDROGEN FLUORIDE LASER

The hydrogen-fluoride laser appears to be a very attractive candidate
for laser fusion hybrid applications. Compact, final amplifiers can be

built to provide a high energy per pulse, 100 kJ. Hence, 20 such ampli-
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Table I.,3-3

Efficiency of the HF Laser

1 - 1 + 1 . 1
n(total) ~ n(e-beam) " n(B-field)  n(chemical)

1 1
* n(gas flow) * n(other)
E .
_ _ L E(deposited) _ E(e-beam) E(Marx)
n(e-beam) E(deposited) =  E(e-beam) ~ E(Marx) E{wall plug)
= 0.53 x 0.7 x 0.8 x 0.95 = 0.28
(B-field) = L 100 g
n E(B-field) 60 :
B E(exothermic)

n(chemical) = E(exothermic) - E(regenerated chemicals)

x votume laser cell _ 0.11x0.40x 0.90=0.04
27270

E
B L _ 100 _
n(gas flow) = E(gas flow) ~ 59 1.7

n(other) >> 1(assumed negligible)

n(total) = 0.027
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fiers will provide 2 MJ of laser energy. The laser can operate at a

net efficiency of 2-3% with a very high electrical efficiency, 25%.

This minimizes the reliability problems of handling large amounts of "high
quality" energy. This, of course, shifts the burden to the chemical
processing of the laser gas. However, these processes are well estab-
Tished, hence, the most important question isthe economics rather than

the technical feasibility of them. The gas handling limits the repetition
rate to about 4-6 Hz. For this reason, the HF laser may not be as attrac-
tive for fusion electric power reactors as some other candidates.

Short pulses must be obtained through multiplexing the amplifiers.
This complicates the optics system. In the SOLASE-H study, 56 separate
beams must be used to compress the pulse to 3 nsec. If shorter pulse
lengths are required, then the HF laser becomes questionable due to fur-
ther complications of the optics system. However, if longer pulses can be
tolerated, then this laser appears even more attractive.

Another significant question is the HF laser wavelength of 2.6-3.5
um. This is not Tikely to be the optimum wavelength for laser-target
interaction, but depending on the target design, this may be adequate.
This problem awaits more experimental evidence before a final decision

can be made.
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L.3.F CAVITY FIRST WALL ANALYSIS

The first wall in SOLASE-H is 2 mm of zircaloy and is 6 m from the
target microexplosion. It is scalloped to sustain the pressure of the Na
coolant behind it, Fig.l1.3-5. It is protected from the pellet debris and
X-rays by 0.25-1.0 torr of Xe gas. It is assumed that the Xe gas will attenuate
all target X-rays and pellet debris so that this energy is reradiated to the
wall. At such Tow densities and high temperatures (> 50 eV) the gas must be
modelled using the Coronal rather than the Saha model of ionization. This
affects the computed charge state by about 20-30%. It is assumed that the
target X-rays and debris deposit their energy in the gas so that the temperature
distribution Tooks 1ike that in Fig.I.3-19. When the gas motion and reradiation
are modelled using a hydrodynamics model the results are those shown in
Fig. 1.3-20. From this figure it can be seen that there is a synergistic effect
between the gas motion and reradiation. When the gas is modelled with the
reradiation mechanism "turned on" the resulting pressure wave at the first
wall is very weak giving an overpressure of only 30 torr. When the re-
radiation is "turned off", so that all of the target debris and X-ray energy
is trapped in the gas, the pressure wave is much stronger and the over-
pressure is 90 torr.

The reradiation process is described using three different models.
Two of the models assume the gas is thin to the radiation so that it freely
escapes. These models differ in the initial temperature profile in the
gas. One assumes that the gas startsat a uniform temperature while the other
assumes that there is a temperature profile, Fig. 1.3-20. The third
model assumes a temperature profile, but also assumes that the gas is thick

to the radiation so that it must diffuse to the first wall. The effective
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power radiated by the gas using these three models is shown in Fig. I.3-21.
It is seen that although the radiation diffusion model slows the reradiation
rate slightly, it does not have an overwhelming effect. This means that the
basic atomic processes responsible for the emission of the radiation will
dominate the reradiation rate at the wall.

The temeperature rise in the first wall is shown for 0.5 and 1 torr of
Xe cavity gas and zircaloy and stainless steel wall material in Fig. [.3-22.
Although the temperature rise is greater for the zircaloy wall, the resulting
stresses are actually greater for the stainless steel (see Table I.3-4).

Stainless steel is a poor first wall choice because of its large modulus
E and thermal expansion coefficient a. Other materials rate even better
than zircaloy when compared on the basis of a figure of merit for thermal
shock stresses (Table I.3-5). It has been proposed that a figure of merit

be defined as:

f = Slﬁgliiz = figure of merit
Ea VB
where: E = Young's modulus

o = thermal expansion coeff.

B = thermal diffusivity = 5%—
oy = yield strength P

K = thermal conductivity

v = Poisson's ratio

This figure of merit represents the ratio of yield strength to the
thermal stress in a semi-infinite solid subjected to a suddenly applied

heat fluX, qg. In this case, the compressive thermal stress is given by:

2 % _Eu /At
/—KZ-I—\)5QCP

i

9%h ~
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E
Metal ~ (psi)
S.S. 28x106
Zr-2 11x10°

Xe

Metal Pressure
S.S. 1/2 torr
S.S. 1

Ir-2 1/2

Ir-2
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Table 1.3-4

Material Properties

o k v
) (W/eme°C) _
18x107° 0.173 0.33
6.5x107° 0.125 0.33

Stress Summary
Maximum
AT Maximum Net Ne@
max Compressive Tensile
at_surface Stress Stress
390°C -262 ksi 36 ksi
350 -235 33
740 - 65 14
630 - 55 13

o Ea
(psi) (psi/°C)
50,000 756
30,000 107

Yield
Strength
o (8400°C)
..__y_._.__.___.__
50 ksi
50
30
30
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the figure of merit, "f," contains an extra factor Eg—n Physically, this

When compared with the traditional thermal stress parameter,

accounts for the rate of change of surface temperature due to thermal dif-
fusion for a given applied heat flux. The larger value of "f" is preferred.
Clearly, SiC and graphite appear to be better choices with respect to mini-

mizing thermal stresses.

Table 1.3-5

Thermal Shock Stress Figure of Merit

Figure of
Material _Merit Preference
SiC 18.7 1
Graphite 18.2 2
Zircaloy 14.2 3
Stainless Steel 0.6 4

I.3.F-1 CONCLUSTIONS OF THE CAVITY AND FIRST WALL ANALYSIS

The reradiated energy from the cavity gas will have a spectrum such that
the gas is neither totally thicknor thin to the radiation. However, by modelling
the energy escaping to the wall in the two Timits it is found that the heat flux
at the wall and the resultant temperature rise is not significantly different.
The heat flux is determined by the gas reradiation rate, a quantity that is
not well known.

Temperature rises in the wall for 96 MJ of energy reradiated are very
high., resulting in unacceptable thermal stresses. The mechanical stresses
from the blast overpressure are negligible in comparison. However. the large
AT's occur over a very thin Tayer in the wall and over a short time. This
complicates the structural analysis of the wall. The quasi-steady state

stresses are manageable. These transient stresses could be reduced by Towering
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the target yield, increasing the repetition rate, and increasing the cavity size.
Increasing the cavity gas pressure from 0.5 torr to 1.0 torr only reduces the
stresses by 15%. Stainless steel is a particularly unsuitable choice for first
wall material according to these criteria.

[.3.G SYSTEM INTEGRATION INTO SOLASE-H REPRESENTATIVE DESIGN

The SOLASE-H laser fusion hybrid reactor study includes the parametric
analysis of five separate areas: (1) fission fuel cycle, (2) hybrid blanket
design, (3) fusion performance requirements, (4) HF laser, and (5) cavity,
first wall, and mechanical design. These topics are discussed in sections
I.3.A-F of this introductory part of the SOLASE-H report. In this section,

a set of self-consistent parameters that represent SOLASE-H as an integrated
reactor design will be discussed.

The self-consistent set of parameters for SOLASE-H are listed on
Tables 1.3-6 to 1.3-8. The cavity and blanket design are shown in Figs. 1.3-23
and 24. The cavity geometry in SOLASE-H is a right circular cylinder with a radius
of 6 m and a height of 12 m. This shape is necessary to accommodate the
LWR fuel assemblies in the hybrid blanket. The radial blanket subtends
70% of the solid angle at the target. The axial blankets are used exclusively
for tritium breeding.

The fusion power in SOLASE-H is 1240 MW. It is assumed that 70% of
this (or 868 MW) is in the form of 14 MeV neutrons and that the other 30%
(372 MW) is in X-rays and charged particle debris. This rather high Tevel
of fusion power is required to produce a 233U breeding rate that will fuel
2-3 LWRs of equivalent thermal power. This high fusion power Tevel is one
of the characteristics of the direct enrichment hybrid. To achieve such

fusion power in a laser driven reactor requires either a large yield or a
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Table 1.3-6

SOLASE-H PARAMETERS

Cavity Shape Cylindrical
Cavity Radius 6 m
Cavity Height 12 m
Structure - Blanket Zircaloy
- First Wall 2 mm Zircaloy

First Wall Protection 1.0 torr Xenon Gas
Fusion Power 1240 MW
Pellet Yield 310 MJ

Neutrons 217 MJ

X-rays and Ions 93 MJ
Pellet Gain 194
Pulse Repetition Freq. 4 57!

Laser Energy (on target) 1.6 MJ
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Table 1.3-7
SOLASE-H PARAMETERS

Fusion Power 1240 MW

Average Thermal Power 2655 MWt

Thermal Power Range 2390-2920 MWt
Per Cent Variation (19%)

Gross Elect. Output 946 MWe

Net Elect. Output 700 Mue

Recirc. Power Fraction 26%

Radial Blanket Power Mult. 1.5 -5

Neutron Wall Loading (Max) 1.9 M/’

Coolant Na

Coolant Temperatures 300-350°C

Tritium Breeding Ratio 1.08

Tritium Breeding Material Li

Fgggile Material ThO2

U Production Rate 0.43/Fusion Neutron

2.03 Tonnes/yr
8.77 kg/th—year

Fuel Form (17x17) PYR Assemblies
Number of Assemblies 270

Time to 4% Enrichment 2.6 yr

Max/Ave. Enrichment (Radial) 1.1

Neutron Multiplier Pb

Number of LWRs supported 2

without reprocessing (700 Mie)



1-69

Table I.3-8

SOLASE-H PARAMETERS

Laser Type Hydrogen-Fluoride
Laser Energy 2 MJ

Net Efficiency 2.6%
ETectrical Eff. 24%
Wavelength 2.7 - 3.5 um
Maximum Power 300 TW

Pulse Length (Multiplexed) 3 ns

Number of Final Amplifiers 20

Last Mirror Position 22 m

Number of Last Mirrors 56
ITTumination Two-sided
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THE SOLASE-H LASER FUSION HYBRID
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large repetition rate. For SOLASE-H we chose to consider a yield of 310 MJ
and a repetition rate of 4 Hz. This matches nicely to the hydrogen fluoride
laser because this laser is capable of delivering high energy per pulse but
is repetition rate limited by gas reprocessing problems. The laser energy
on target is 1.6 MJ. This gives a target gain of 194. This large target
gain is likely to be the most uncertain aspect of the fusion parameters
in SOLASE-H. The large laser energy on target should help to increase
the probability of this gain. However, the relatively long wavelength
of the HF laser, 2.7-3.5 um, leaves considerable question about this
postulated target performance. It is assumed that 30% (or 93 MJ) of the
thermonuclear microexplosion energy is in the form of X-rays and charged
particle debris. No specific partitioning of the energy between these two
forms has been assumed. No target design calculations are done to verify
either the gain or the output spectra of the X-rays and debris. The out-
put spectra are assumed to be soft enough that they are stopped in 1 terr
of Xe gas that fills the reactor cavity.

A hydrogen fluoride laser is used in the SOLASE-H reactor study. The
HF laser represents an established laser technology that meets the require-
ments of near termtechnology development. A 2 MJ laser is designed to
deliver pulses to the targets at a rate of 4 Hz. Only 1.6 MJ or 80% of
the laser output is assumed to reach the target. The remaining 20% is lost
in the beam transport system. No detailed design of the beam transport
system is done. As mentioned earlier, the wavelength of the HF laser
is in a range between 2.7-3.5 um. The maximum power of the laser pulse is
300 TW, but only 240 TW (80%) reaches the target. The pulse width at this
high power is 3 nsec. The pulse is shaped in time and this
should increase the chances of reaching the assumed target gain of 194.
There are 20 final amplifiers; 18 of these are multiplexed to increase the

laser efficiency. The net efficiency is 2.6% but the electrical efficiency
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is 24%. This high electrical efficiency reduces the power supply require-
ments. The remainder of the efficiency is contributed by the chemical
reprocessing of the HF Taser gas. This chemical reprocessing and the gas
flow through the amplifiers limit the repetition rate to about 4-6 Hz.

For higher repetition rates the gas handling problems become significantly
greater.

There are 56 beams incident on the target from two sides. The last
mirrors on each side are arranged in a 2 x 14 array so that the beam port
penetrations through the blanket most closely match the geometry df the
stacked fuel assemblies. In this way, the minimum number of assembly
locations, 12, are lost to the beam ports. The final mirrors are located
22 m from the target explosion.

The first wall of SOLASE-H is 2 mm of zircaloy. It is protected from
the pellet blast by 1 torr of Xe gas in the cavity. This gas absorbs the
93 MJ of X-rays and ionic debris and reradiates the energy to the first
wall in a Tong (~ msec) pulse. The temperature rise in the first wall
surface is computed to be about 600°C and the maximum overpressure from
the blast wave is 250 torr. This overpressure should be acceptable but
the surface temperature rise is quite large. This could be reduced by
enlarging the cavity or by increasing the repetition rate and reducing the
yield per shot. The calculations of the heat flux incident on the wall
are also rather uncertain (although improvements were made over the SOLASE
calculations). The intent in SOLASE-H is to investigate the possibility
of protecting a bare metal wall with the Xe buffer gas. The results show
that this is Tikely to be possible but further analysis is required to

substantiate the exact range of parameters.
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The fusion power in SOLASE-H is 1240 MW but the thermal power varies
between 2390-2920 MW. The average thermal power is 2655 MW. This 19%
variation is due to the changing blanket energy multiplication as the LWR
assemblies are enriched. To compute this energy variation it is assumed that
the blanket is in an equilibrium cycle with four batches of assemblies,

The first batch is being enriched from 0% to 1.0%. The second batch is
enriched from 1% to 2 %, etc. The blanket multiplication
then varies from 2.86 to 3.72. 1If the total blanket
inventory is enriched from 0% to 4% then the multiplication varies between
1.5-5. The average power of 2655 MW is converted at an efficiency of 35%
to 946 MW of gross electric power. The recirculating power fraction is
26% of this or 246 MW. Hence the net electric power is 700 MW.

The radial blanket consists of a 2 mm zircaloy first wall followed by
a Pb neutron multiplier zone. The Pb is contained in tubes and is cooled
by Na. The Na has an inlet temperature of 300°C and an exit temperature
of 350°C. The first wall is operated at 300°C except for the transients
during the pulse of reradiated energy from the Xe buffer gas. This neutron
multiplier zone is followed by a Li zone and then the LWR fuel assemblies.
Another Li zone is directly behind the assemblies. The Li in these zones
is contained in tubes that are cooled by Na. The Li zones serve as a thermal
neutron filter to minimize the fission rate in the fuel assemblies. The
fuel assemblies are also cooled by Na. A Pb plus C reflector is behind the
back Li zone to reflect fast neutrons back into the fuel assemblies. With
this configuration the assemblies are a fast neutron flux trap. Behind the
reflector is another Li zone followed by a shield. The total blanket

thickness without the shield is 1.11 m.
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The blanket contains 270 (17x17) PWR fuel assemblies that are
initially loaded with Th02. Every other assembly position around the
circumference is replaced by a neutron scattering zone to reduce the fuel
inventory. These assemblies are enriched to an average 233U concentration
of 4% in 2.6 years. This is the equivalent of 0.77 kg of 233U/th—year
or 0.43233U nuclei/fusion neutron. These numbers do not include a plant
factor or burnup. The maximum to average fuel enrichment across the
assembly is 1.1 and js acheived by rotating the assembly during its exposure
time. Uniform enrichment along the axial direction must be achieved by
moving the assembly to different axial positions in the blanket. This
fuel management scheme has not been assessed in detail. Assuming a fuel
burnup of 30,000 MWD/MTU in the fission reactors and no reprocessing of

the spent fuel, the SOLASE-H hybrid can fuel ~ 2 LWRs of equivalent thermal

power.
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I1.1. The Direct Enrichment Hybrid/LWR Fuel Cycle

A fusion-fission hybrid reactor utilizes the 14.1 MeV DT fusion neutrons
for breeding fissile material in the hybrid reactor blanket. This bred
fuel can be removed periodically from the blanket and burned in conventional
fission reactors or it can be burned "in situ" in the hybrid blanket
itself. During the last five years there have been many studies of
hybrids for a variety of fusion systems (i.e. tokamak, mirror, laser fusion,

(1-7)

electron beam fusion). Such fusion-fission hybrid reactors appear to

be attractive because they produce two revenue sources, electric power

and fuel for conventional fission reactors, at a fusion performance level
that is less than that required for pure fusion reactors. The additional
revenue source, fissile fuel, strengthens the economic perspective of the
fusion system. The reduced fusion performance is allowable because the

14.1 MeV DT neutron energy is multiplied in the hybrid blanket by the

fission process. For the hybrid operating as a fuel factory where fissions
are minimized, the blanket energy multiplication is still typically 2-10.

In the second option where the fuel is allowed to burn in the hybrid itself,
the multiplication may be as high as 40-50 depending on how close the blanket
approaches criticality. It is argued that this relaxation of the fusion energy
requirement may allow hybrid reactors to make an impact on the world's

energy production problem at an earlier date than pure fusion reactors.
However, the hybrid reactor may also appear unattractive if it is considered
to have both the disadvantages of complex fusion systems and the radioactive

waste, criticality, and proliferation problems of fission reactors.
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The SOLASE-H laser fusion hybrid reactor study investigates the
possibility of minimizing the perceived disadvantages of the hybrid by
operating with low keff in the blanket, utilizing a proliferation resistant
fuel cycle that allows direct enrichment of PUR fuel assemblies in the
hybrid and transfer of the irradiated assemblies to the fission reactor,
without intermediate reprocessing. This fuel cycle part of the study
establishes the potential role of the hybrid for a nuclear future that
includes no immediate reprocessing or development of the LMFBR. This study is,
in fact, a continuation of the SOLASE(8) conceptual laser fusion reactor design.

Only 0.7% of natural uranium is the fissile 235

99.3% is 238U. Other fissile isotopes can be manufactured by the absorption

232Th and 238U to produce 233U and 239Pu respectively.

U isotope. The remaining

of a neutron in
Once these artificial fissile materials have been produced they can be

mixed with their corresponding fertile material at a 3-4% concentration

and fabricated into fuel assemblies for use in fission reactors. The pro-
duction of these artificial fissile isotopes is, of course, the purpose

of the fusion hybrid reactor. However, the reprocessing of the material
produced in the hybrid to remove fission products and the fabrication into cold,
clean fuel assemblies exposes the hybrid fuel to the same proliferation con-
siderations as the fast breeder fuel cycle. Because this fuel is easily

handled and the fissile material can be removed by chemical rather

than physical processes, the fuel is most vulnerable to diversion for

(9,10) have

the purposes of nuclear weapons development. Feiveson and Taylor
argued that spent or highly radioactive fuel is self-protecting. Such
assemblies weigh nearly half a ton. They argue that stealing such irradiated

assemblies would require heavy cranes, tons of shielding containers, and a



large vehicle for transporting the stolen, shielded assemblies. Further,
the fissile 233U or 239Pu must still be separated from the dangerously
radioactive fuel.

The fusion-fission hybrid fuel cycle proposed here directly enriches

the fertile fuel to 3-4% fissile concentration in the hybrid blanket.

This process also makes the fuel highly radioactive so that it is

rendered diversion resistant. The details of this fuel cycle are outlined
in Fig. II.1-1.

The cycle includes four steps:

1. Fertile fuel, ThO2 or UOZ’ is fabricated in a form that is directly
usable 1in a LWR. (Other fission reactors could be included but
the LWR is used here because it is the workhorse of the U.S. fission
reactor industry.)

2. The cold, clean fuel assemblies, containing only fertile fuel,
are placed in the hybrid blanket and carefully enriched to a
nearly uniform concentration of 3-4% fissile fuel as required by
the LWR.

3. The enriched, and now highly radioactive assemblies, are transferred
as units directly to the LWRs for burning of the fuel.

4. The spent fuel from the LWR is stored until a decision is made
on reprocessing or storing or both. If feasible, the spent fuel
can be re-inserted into the hybrid to be re-enriched for further
burning in the LWR. This possibility depends on both the
importance of fission product buildup to LWR performance and

the radiation damage to the fuel and cladding.
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The attractive features of this cycle are the following:

1.

The system is resistant to diversion because fissile material
occurs only inside highly radioactive fuel assemblies. Only

fresh fertile material is fed to the hybrid, and upon removal,

the fuel pellets contain fission products that are highly radio-
active and the pellets themselves are contained in rod assemblies
with highly activated cladding. Access to the fissile material is
thus very difficult,smaking the entire cycle proliferation
resistant according to the guidelines of Feiveson and Taylor.

The fissile fuel reserves are extended substantially. If the
average LWR fuel enrichment is assumed to be 3%, the fissile fuel
reserves are extended by 4.3 x (Thorium Resources + Uranium Resources).

(11)

According to Staatz and Olsen, the occurrence of thorium is
widespread but the resources are not well known because present
demand is low. The demand in 1968 was for only about 125 tons of

ThO Estimates of the thorium content of the earth's crust

9-
range from 6 to 13 appm. Identified world thorium resources
recoverable primarily as a by-product or co-product are about
1.4 million tons, one-third of which occurs in a deposit near
E1liot Lake, Canada. The general understanding is that large
additional resources would be found with additional exploration.
If we assume the thorium resources are no larger than the

uranium resources, the fissile fuel supply is extended by a factor

of 4 to 5 without reprocessing.
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3. The extension of the fission fuel supply using the hybrid
produces additional time that can be used to make deliberate
decisions on issues such as internationally controlled,
physically secure fuel production and fuel reprocessing centers.(g’]o)
4. The manufacturing of fresh fertile fuel pellets can proceed
without the handling problems inherent in the use of a radiation
spiking material such as 6000. This avoids any legal or safety
jssues associated with the deliberate addition of dangerous
materials.

The major disadvantage of this system is that it does not take
full advantage of the fertile fuel reserves. To achieve a fuel supply
measured in thousands of years, rather than just a few hundred, fuel
reprocessing is essential. Without reprocessing, one hybrid reactor is
only able to supply fissile fuel to about 2.5 LWRs of the same thermal power.
This has the economic impact of increasing the effective fuel cost. With
reprocessing of the spent LWR fuel, on the order of 10 LWRs can be fueled
from one hybrid of equivalent power, depending on the conversion ratio of
the LWR or other convertor reactor.

The proliferation resistant fuel cycle can be extended to include
reprocessing of the spent LWR fuel if one follows the structure outlined by
Feiveson and Taylor of internationally controlled, physically secure fuel
production and reprocessing sites combined with many national convertor
reactors "outside the fence". This process involves the four steps out-

lined in Fig. II.1-2.
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Fresh ThO2 or UO2 fuel is fabricated in assemblies that are
directly usable in a LWR or other convertor reactor. This

step will also involve the fabrication of enriched fuel assemblies
at the secure site using fissile fuel from the reprocessing step.
We propose that such fuel be only partially enriched (for example,
to just 2% even though about 3-4% is required) and that the hybrid
be used to produce the required additional enrichment.

The fuel assemblies are irradiated in the hybrid blanket to
produce the required fissile enrichment.

The fuel is transferred directly to the fission reactor and burned.
The spent fuel assemblies are shipped back to the physically
secure site for reprocessing. The reprocessing plant removes
fission products and sends the fissile material to the fuel
factory for fabrication into new fuel assemblies.

advantages of this approach are the following:

. The fuel supply is measured in terms of the fertile material

abundance. All estimates show that such fuel supplies wi]] last
for thousands of years.

Fuel shipped to and from the convertor reactors is always highly
radioactive and would be resistant to diversion and reprocessing
for the reasons described earlier.

The convertor reactor need not be restricted to a LWR although
using these reactors will minimize the need to develop

additional fission reactor technologies.



The potential success of these fuel cycles depends upon two key
technical questions: (1) Can the hybrid reactor produce uniformly en-
riched fuel at an acceptable fusion performance level when the blanket
design is constrained to accommodate LWR fuel assemblies? (2) Can a
standard LWR burn the irradiated fuel? The first of these questions was
the major emphasis of the SOLASE-H laser fusion hybrid study.

The remaining sections in Part II of this report include neutronics
calculations that provide numerical estimates of the hybrid blanket
performance when it is constrained to directly enrich LWR fuel assemblies.
These are detailed one dimensional Sn calculations that determine fissile
breeding rates and spectral shaping of the neutron flux in the fuel
assembly region of the blanket, and three dimensional Monte Carlo calculations
that determine the combined fissile and tritium breeding rates as well as
axial enrichment nonuniformity in the fuel assemblies. This provides input
to an "in-blanket" fuel management scheme to smooth out the nonuniformities.
The question of radiation damage to the fuel in the SOLASE-H blanket is

being investigated in a follow-on study.
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IT.2. Blanket Performance Analysis of Laser Fusion Hybrids

I1.2.A. Objective of the Neutronics Study

The nrimary objective of the neutronics study reported here has been
to maximize the fissile fuel production rate in a hybrid reactor subject
to the constraints that the fissile fuel distribution in the fuel zone
be as uniform as possible and that the tritium breeding ratio (TBR) be at
least 1. We have primarily considered hybrids which produce uranium-233
from thorium because U-233 is a better nerforming fuel in LWRs, particu-
1ar1y PURs. However, similar studies can be done on the production of
plutonium-239. The constraint of a uniform U-233 distribution throughout
the fuel assembly used in the fuel zone is aimed primarily at minimizing
the hot spot factor one would calculate for the enriched fuel assembly
loaded into a LWR.

I1.2.B. The Blanket Configuration and Calculational Model

Spherical geometry, one-dimensional calculations have been performed
to assess the effects of parameter and design variations and to search
for optimum blanket performance. In this regard, two main blanket con-
figurations shown in Fig. II.2-1 have been studied. The first blanket
series utilizes beryllium as a neutron multiplier front zone while lead is
used in the second series. Lead and beryllium enhance the neutron generation
throughout the blanket and replace a U-238 fast fission plate utilized in

(1-5) In addition to introducing plutonium into a U-233 fuel

other studies,
cycle, the fission plate would also increase the thermal power generated in
the blanket. This would yield excess electricity which could be sold to

reduce the overall plant running cost. However, the power increase with time
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makes the design of the cooling system more difficult. In our design, the main
concern has been to maximize U-233 production subject to the constraints on
fuel production and tritium breeding already mentioned and to ensure suffi-
cient power to make the plant at least self-sufficient in power.

For both classes of reactor blankets (beryllium or lead as a neutron
multiplier), the U-233 breeding zone (fuel zone) consists of just one fuel
assembly row located behind the neutron multiplier zone. A reflector is
positioned behind the fuel zone and consists of 1/3 Pb and 2/3 graphite by
volume. The thickness of this reflector is held at 60 cm in all cases. A
final liquid lithium neutron absorbing region is located at the outer
portion of the blanket.

The fuel zone is thus located in a flux trap between the reflector and
the neutron multiplying zone. For this reason, two relatively thin neutron
absorbing lithium zones are located immediately in front of and behind the fuel
assembly zone in the series of blankets utilizing lead as front zone neutron
multiplier. This achieves two ends: 1. Thermal neutrons which would be
absorbed at the edge of the fuel assembly are filtered out. Thus, only
harder neutrons penetrate and this produces a more uniform U-233 production
rate. 2. The neutrons absorbed in the Tithium help to meet the constraint
that the tritium breeding ratio be 1.

A square single PWR assembly has 264 fuel elements arranged in a
17 x 17 array and is 21.4 cm on a side. The fuel pins .have an outer diameter.
of 0.9498 cm and a square pitch of 1.25 cm. Zircaloy-2 is utilized as
the cladding material with a thickness of 0.0572 cm. The ThO2 fuel pellet
diameter is 0.819 cm. Each fuel assembly contains 25 empty locations of

outer diameter 0.9498 cm and are reserved for the control rods when the
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fuel assembly is extracted from the blanket and used in LWRS. The
dimehsions of the fuel assembly and the fuel pins are shown in Fig. II.2-2.
The fuel assembly used in this study is typical of those used in a PNR.(Q)
The volume percentages corresponding to the dimensions shown in Fig. II.2-2
are: 30.3% Th02, 9.2% Zircaloy-2, 1.3% void and 59.2% coolant. When the
fuel assembly is placed in the blanket, the fuel zone will occupy a region
21.4 cm thick. This is held constant for the blankets studied.

To simulate a laser fusion hybrid, the neutron source is localized in
a zone 0.5 cm radius at the center of the reactor. The first wall is at a
radius of 5 m in the survey calculations. However, in the final design,
the optimized blanket is reconfigured to closely approximate the engineering
features and the cylindrical geometry of the actual hybrid concept. That
design is shown in Fig. II.2-3. The pellet in that design isicentered at
ém from the firstwall and the cylindrical radial blanket section is 12 m
high. -The top and bottom axial caps are designed to produce tritium.
Since the caps are devoted solely to tritium production, one requires less
tritium breeding in the radial section. As such, we have used a value of
0.6 as the constraint on the TBR in these parametric calculations.

The neutronic calculations were performed using the one-dimensional
discfete ordinate neutron transport code ANISN. A 25 neutron energy group
cross section library has been used based on the DLCvZD(7) library which was
generated from ENDF/B III with the SUPERTOG(8) code using a 1/E weighting
spectrum for the GAM-II 100-group structure. The energy boundaries for the
25 groups are given in Table II.2-1.

Figure II.2-1 shows the different zones of the blanket for both series
mentioned earlier. Zones 4 and 8 are not iﬁc]uded in the Be front zone

series.
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Table I1.2-1 Energy Boundaries for the 25 Neutron

Energy Groups
Group Energy End Boundaries (eV) {| Group Energy End Boundaries (ev)
1 1.4918 + 07-1.3499 + 07 14 2.4660 + 06
2 1.2214 + 07 15 1.3534 + 06
3 1.1052 + 07 16 7.4274 + 05
4 1.0000 + 07 17 4.0762 + 05
5 9.0494 + 06 18 1.6573 + 05
6 8.1873 + 06 19 3.1878 + 04
7 7.4082 + 06 20 3.3546 + 03
8 *6.7032 + 06 21 3.5358 + 02
9 6.0653 + 06 22 3.7267 + 01
10 5.4881 + 06 23 3.9279 + 00
11 4.4933 + 06 24 4.1399 - 01
12 3.6788 + 06 25 2.2200 - 02
13 3.0119 + 06
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The constituents and the volume percentages in the different zones

of the Targe number of cases studied are summarized on Table II.2-2. We
also give the results for the U-233 breeding ratio UBR (U-233 atoms
produced per D-T neutron) and the tritium breeding ratio TBR. Note that
cases with Li cooling and Na cooling have been also considered in this
parametric study.

IT.2.C. Bervllium as the Neutron Multiplier

Several different blankets utilizing Be as front zone‘material were
studied. Zircaloy-2 is chosen as the structural material for this zone.

The volume percentages are: 82.2%-8e, 9.3% coolant and 8.5% Zircaloy-2. The
type of coolant in this study is either natural Li or Na.

In blanket #1, natural Li is used as coolant in the front zone (10 cm)
and in the fuel zone. Enriched Tithium (50% Li-6) is used in the 1ithium
absorbing zone (zone 10). The UBR and TBR are 0.71 and 1.1, respectively;
when using Na as the coolant in the front and fuel zones (blanket #2), the
UBR increases to 1.34 and the TBR dropped to 0.097. Although the utilization
of the D-T neutron in fuel and tritium production is higher in blanket #1
(0.71 + 1.1 = 1.81) than in blanket #2 (1.43), the UBR is noticeably higher
in blanket #2.

The 25 locations reserved for control rods were filled with natural
Tithium in blanket case #3, then 50% enriched lithium and Na as the coolant
(blanket #4). The competition between Li and Th to absorb neutrons in the
fuel zone tends to decrease the UBR (to 1.14) and to increase the T8R (to
0.38) in blanket #3. The corresponding values in blanket #4 are UBR = 0.9
and TBR = 0.67. One should notice that TBR + UBR is almost the same for
blanket #3 and 4. This shows that increasing TBR is at the expense of

decreasing UBR.
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The effect of the Be front zone thickness was studied via the cases,
blanket #5 (0 cm front zone), blanket #6 (5 cm), blanket #4 (19 cm) and
blanket #7 (15 cm). In these blankets the coolant in the front zone and
fuel zone is Na and the 25 locations reserved for control rods were filled
with 50% Li-6 enriched lithium. The back lithium zone waskept at 10 cm with
509 Li-6 enriched 1ithium. Table II,2-3 gives the reaction rates for
blanket cases #4, #6 and #7, respectively. The first 7 rows of this table
show the reaction rates which lead to neutron multiplication, in particular the
(n,2n) reaction for the structural materials and (n,2n),(n,3n)x2 and (n,vof)
reactions for Th. Rows 8 to 17 give the absorption rate in the entire
blanket while rows 18 to 21 give the reaction rates for breeding U-233 and
tritium. The neutron mu]tfp]ication and absorption rates in the fuel and
structural materials as a function of the Be zone thicknessare shown in
Fig. II. 2-4. The tritium production rate and the U-233 breeding rate are
shown in Fig. IL 2-5. For a 5 cm Be front zone, the main source of
neutron multiplication comes from the (n,2n), (n,3n) and fast fission reactions in
Th. However, there is noticeable neutron multiplication from (n,2n) reactions in
Be. As the thickness of the Be zone increases, the (n,2n) reaction rate in
Be increases and overrides the neutron multiplication due to Th at about a
6 cm Be zone thickness. Further increase of this thickness results in
larger neutron multiplication in Be. However, an increase in the Be zone
‘thickness leads to a softer neutron spectrum throughout the blanket. This
leads to a decreased rate of fission, (n,2n), and (n,3n) reactions in Th.

The main source of neutron absorption is due to Th (n,abs) and

L16(n,abs) as shown in Fig. Il.2-4, Fig. II.2-5, and Table I1.2-3. The
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Table I1.2-3

Reaction Rates of Blanket #6, #4 and #7 per D-T Neutron

Type Reaction Blanket #6 Blanket #4 Blanket #7
__(5 cm) » (10 cm) (15 cm)
Th (n,2n) + (n,3n) 0.3645 ] 0.2775 0.2077
+ (nyvo,) | ‘ |
Be (n,2n) 0.2848 0.5585 0.7876
ol Structure (n,2n) 0.0957 ‘ 0.0958 0.0961
o Na (n,2n) 0.0035 | 0.0027 0.0022
3| Pb (n,2n) 0.0643 | 0.0471 0.0344
Z D-T neutron 1.0 ; 1.0 1.0
SUM 1.8129 | 1.9815 2.1279
Th (n,abs) 0.9481 0.9319 | 0.8501
Be (n,abs) . 0.0347 0.0732 0.1175
Structure (n,abs) | 0.0918 0.1399 0.2032
Na (n,abs) © 0.0519 0.0612 0.0928
6Li (n,abs) 0.5202 0.6477 0.7677
= 7Li (n,abs) 0.0001 0.0001 0.0001
=~ Pb+ C (n,abs) 0.1251 0.0957 0.0723
0 - 0.0337 0.0262 0.0199
Leakage 0.0084 0.0064 0.0049
SUM 1.8138 1.9825 2.1284
Th (n,y) 0.9040 0.8970 0.8230
% 6Li (n,t)a 0.5308 0.6667 0.7974
= 7Li (n,t)na 0.0045 0.0036 0.0078
o Li (n,t) 0.5353 0.6703 0.8003
S
o
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percentage of neutrons absorbed in Th compared to the total number of -
neutrons available is 52.3%, 47%, and 40% for the 5 c¢m, 10 cm and 15 cm Be
zone thickness cases, respectively. For L16, the corresponding values are
28.6%, 32.7% and 36%, respectively. The main sources of neutron production
are the Th(n,2n), Th(n,3n), Th(n,vof) and Be(n,2n) reactions. The percent-
age of neutrons from Th compared to the total neutrons available in the
blanket are 20%, 14% and 9.8% for 5, 10 and 15 cm Be front zone cases,
respectively. The corresponding values for the Be(n,2n) reaction are 15.7%,
28.2% and 37%, respectively. This shows the effectiveness of Be as a front
zone neutron multiplying material. In going from O c¢cm to 5 cm Be front zone
thickness, the UBR increases from 0.75 to 0.9. It then slightly decreases
as the Be zone thickness increases further. In contrast, TBR increases
monotonically as the front zone thickness increases. This again is due to
the increasingly softer spectrum produced by neutron moderation in Be
which permits the Li6(n,t)u reaction to dominate capture in thorium. The
optimum thickness for the Be front zone is about 10 cm. In this case, the UBR is
0.9 and the TBR is 0.67. The latter value meets the requirement that the TBR in
the spherical mock-up calculations be ~0.6. The end caps in the final
design make up the remainder.

The constraint of uniform U-233 distribution throughout the fuel
assembly is not met in this series of blankets. The Th(n,y) reaction rate
per D-T neutron throughout the fuel zone is shown in Fig. II.2-6 for blankeis
#4, #5, #6 and #7, respectively. The reaction rate first decreases and then
increases again due to the neutrons from the reflector zone. As the thickness
of the Be zone increases, the curves tend to increase in front and decrease
in the back. The minimum occurs even closer to the back edge. In general, the

"

fuel zone in thisseries is self-shielded to fissile fuel production.
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When Pb4Li eutectic replaced the Na coolant of blanket #1, the UBR and TBR _
become 1.1 and 0.68, respectively. However, the Th(n,y) curve is still
steep both in the front and the back edges of the fuel zone (see Fig.6,I1.2-6,curve 5).
When 100% Pb4L1 is used as a front zone neutron multiplier (blanket #8)
and Pb4L1 is the coolant in the fuel zone, the steepness of the U-233
production rate near the front edge of the fuel zone decreases noticeably

(again see Fig. II1.2-6, curve 6).

The adequate performance of blankets using Pb and Li in front of the fuel
sone leads us to the second series of blankets that utilizes the Pb as a base
for the front zone.

11.2.D iead as the Neutron Multiplier

Cases 9 through 13 are blanket models with varying thicknesses of the Pb
containing neutron multiplier zone (zone #3). Further, the multiplier zone
is followed by 1.5 cm of hatural Tiquid Tithium (with volume percentage of
95% Li and 5% S.S.) and the fuel zone is followed by a 6 cm zone of 95%
natural Li and 5% S.S. The purpose of these zones as thermal neutron
filters and tritium breeders was discussed earlier. For blanket #10, with a
10 ¢cm Pb multiplier zone, the UBR and TBR are 0.96 and 0.6, respectively.
The competition between the Th(n,y) and the Li6(n,t)a reactions for neutron
absorption does serve to flatten the Th (n,y) reaction rate profile in the
fuel assembly. »

Various reaction rates per D-T neutron for cases of .5 cm, 10 cm, 15 cm
and 20 cm Pb front zone thickness are give in Table II.2-4 and are . shown on
Fig. II 2-7. These cases are blankets #9, #10, #11 and #12, respectively.

Blanket #160'is the same as blanket #10 with 50% Li-6 enriched Li in zone 4.
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Reaction Rates per D-T Neutrons and Fractions
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Increasing the Pb zone thickness increases the Th(n,y) reaction rate but
the increase is slowed when the zone thickness exceeds about 15 cm. The
Liﬁ(n,t)a reaction rate steadily decreases as the front zone thickness
increases. Almost all Of the tritium is produced by the Li6(n,t)a
reaction. The fraction of tritium produced in zone 4 increases from 17% to
27% as the front zone thickness increases from 5 cm to 20 cm because the spectrum
becomes softer. The highest fraction of tritium produced is in zone 8
(~65% for blanket #10). This fraction decreases as the front zone thick-
ness increases. The Li back zone contributes ~14% to the total tritium
produced. This fraction decreases steadily as the front zone thickness
increases.

The main source of neutron multiplication is the Pb(n,2n) reaction.

It increases from .0.32 to ~0.67 per D-T neutron as the front zone fhick-
ness increases from 5 cm to 20 cm. This shows the effectiveness of Pb as
a front zone neutron multiplier. As expected, the fraction of Pb(n,2n)
reactions from the front zone is much higher than the corresponding value
in the reflector zone (;95% for blanket #10) and increases as the front
zone thickness increases. The absorption rate in Pb is small (0.098 for
blanket #10). The value of Pb(n,abs)/Pb(n,2n) decreases as the front Pb
zone thickness increases.

The radial profiles for the Th(n,y) reaction rate through the fuel
zone areshown on Fig. II.2-8. These curves are much less steep than the
corresponding ones shown in Fig. II. 2-6 where Be is the neutron multiplier.
To flatten the Th(n,y) reaction rate nrofile at the back edge of the
fuel zone and to gain a higher value of TBR, blanket #10 is modified by

increasing the Li zone thickness behind the fuel zone from 6 cm to 8 cm.
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The UBR and TBR for this modified blanket (blanket #13) are 0.94 and 0.63,
respectively. The reaction rates for this blanket aregiven in Table II.2-4
and the Th{n,y) reaction rate across the fuel zone is shown in Fig. II.2-8.

I1.2.E. Optimization Criteria

From the analysis just discussed, one is motivated to use lead as the
neutron multiplier in the blanket front zone since the Th(n,y) reaction rate
profile in the fuel zone is more uniform. The spectrum in the fuel zone is
harder. In addition, lead, unlike beryllium,does not pose a resource
availability problem. Further, for the lTead based blankets, the optimized
one should meet the following requirements:

. Maximum U-233 production rate with as flat a U-233 distribution

across the fuel assembly as possible.

. TBR ~0.6. Overall TBR 2 1.0.

The first requirement shortens the residence time of the fuel to reach
a specified enrichment. The constraint of a flat U-233 profile minimizes
hot spot problems when the fuel assembly is placed directly in an LWR with-
out an intermediate reprocessing step.

To begin the optimization search, it is assumed that the Th(n,y)
reaction rate profile across the fuel zone does not change when the fuel
assembly is rotated 180° after some exposure time. The resultant curve,
obtained by the addition of the Th(n,y) profile to its spacially reversed
value to account for the 180° rotation, is symmetric. This assumption has
been verified and is discussed in the next section devoted to the burnup
calculations. The resultant curve based on the blanket clean condition
composition (i.e., at the beginning of life of the blanket) is taken as the

base for choosing the optimized blanket in our design.
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The resultant curves obtained for blankets #9, #10, #10', #11, #12
and #13 are shown in Fig. II,2-9. The maximum-to-minimum value of these
curves 1jg given in Table II.2-4.

According to our criteria and constraints, the optimized blanket
will be the one having the smallest maximum-to-average Th(n,y) reaction
rate, denoted by R, for its resultant curve while having a high value of
UBR. Thus, the figure of merit, FM, is UBR/R and this should be a
maximum. However, FM is proportional to (UBR)Z/Th(n,y)max since the
average Th(n,y) reaction rate value is proportional to UBR. The FM
values x10°8 are given in Fig. II.2-9.

Although blanket #12 has the highest value of FM, blanket #13 is
chosen as the optimized one to gain the economic benefit of a 10 cm
front zone rather than 20 cm (this is a thinner and cheaper blanket).
The FM values are nearly equal in both cases. The optimized blanket #13

has TBR = 0.625 which meets the second constraint cited earlier.

I1.2.F. Conclusions

An optimized blanket utilizing lead as a front zone neutron multiplier
has been chosen. It has aUBR and TBR of 0.94 and 0.625, respectively.
This blanket has a high figure of merit value and a nearly flat U-233
production rate across the fuel zone. Carrying out a 180° fuel assembly
rotation after half the residence time to reach a specified enrichment
will give a symmetric U-233 distribution in the fuel assembly.

The final SOLASE-H fission-fusion laser driven hybrid reactor is
based on the optimized blanket obtained from this study. This final
design is given in Fig. II 2-3. MWe turn now to the influence of burnup

on the fuel assembly performance in the hybrid.
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11.2. Burnup Calculations for the Optimization Studies

II.3.A. Introduction

The performance of the blankets studied in Section II.2 will undergo
noticeable changes during operation. The fissile nuclide U-233 bred
throughout the fuel zone, the depletion of Th-232 and the tritium production
rates will vary with time. Detailed time-dependent calculations are
necessary to follow changes in both the blanket's composition and performance.
Such analysis is also required to accurately assess the fuel production
rate and its spacial distribution across the fuel assembly (fuel zone).

The important parameters are: the depletion of Th-232 atoms; the build -
up of U-233 atoms, and its effect on the neutron population and energy
multiplication, M (defined as the total energy deposited throughout the
blanket per 14.1 MeV D-T neutron); and the buildup of actinides and
fission products.

There are several burnup codes(]'z) which evaluate the nuclide densities
and the buildup of fissionable nuclides as a function of the operating time.
These codes have the following characteristics:

. One point depletion codes, i.e., ones which evaluate the depletion of

atoms at one spatial point only.

. The number of neutron energy groups used are few (4 energy groups in the

CINDER(]) code and 3 energy groups in ORIGIN(Z)).
. The neutron cross sections used in these codes are based essentially
on the spectra encountered in fast reactors.

)

First, based on unit-source neutron intensity, the ANISN(3 code can
be used to calculate a 25-group neutron flux throughout the blanket. This
flux,when combined with the actual D-T neutron source intensity, determines the

neutron absolute flux level in the blanket. The flux, along with the nuclide
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densities at the beginning of a particular time step is then used with

the burnup code to evaluate new nuclide densities at the end of this time
step. These are used in a new ANISN calculation for the next time step and
the process is repeated.

For preliminary survey calculations, more simplified burnup procedures
have been used in this study to evaluate the net fissile fuel production
(U-233) and its spatial distribution across the fuel zone. The effect of
fission product poisoning is not taken into consideration nor is the

h232(n,2n)Pa’3d).

production of other daughter nuclides such as Pa-233 (T
This simplifying assumption is reasonable here since the blankets studied
were optimized for maximum fuel production without the use of a fission
plate of fissile isotopes intended to enhance neutron production.(4'9)
Accordingly, the number of fissions per D-T neutron is small and the effect
of fission product poisoning should be less harmful neutronically. In our
study, the neutron population is enhanced by the (n,2n) reaction in lead

(or Be) as mentioned in section II.2.

In the burnup model adopted, the time variation in atomic density at each
point throughout the fuel zone is calculated using the neutron flux (25-group)
at that point. We do not use an average value through a certain subregion
with a fewer number of energy groups (3-4) as in the case when using burnup
codes like CINDER and ORIGIN.

The neutron source is obviously Tocalized outside the fuel zone. As such,
fissile fuel production across the fuel zone decreases far from the source.

A scheme to rotate the fuel assembly after a given operating time is necessary

to obtain a flatter fissile fuel distribution.The criteria adopted for
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optimizing the lead front zone neutron multiplier to meet this requirement is
discussed in section II.2.E.

In the burnup model adopted in this study, the important parameters to be
evaluated are:

(1) Th-232 and U-233 atomic densities as a function of time.

(2) The percent burnup of the bred U-233 as a function of time.

(3) U-233 and tritium production rate before and just after fuel

assembly rotation at any particular time.

Based on these parameters, the time at which rotation of the fuel assembly
takes place and the extra time needed to reach a specified U-233 enrichment
are evaluated subject to the constraint of as even a fissile fuel distribution
as possible. The parameters in (1) and (2) above are evaluated for the
different blankets utilizing lead as front zone neutron multiplier (see
section II.2), while parameters in (3) and the rotation scheme are evaluated
for the optimized blanket. The configuratjon of these blankets are given
in Fig. II1.3-1 and Table II.3-1a,b.

In the following, the burnup model and the results in (1), (2) and

(3) above are given.

I11.3.B. Th-232 and U-233 Atomic Densities as Function of the Operating Time

Only the densities of Th-232 and U-233 were considered to vary with time.

In this case, the rate of change of thesenuclide densities is given by

(2) _ |
9”—~3%5131»= ? N(])(x’t)¢i(x’t)OY(1’]) - ?N(Z)(X,t)¢i(x,t)o§1’2) (1)

(1) -
W68 - (0 101, (2)

.i
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Table II.3-1a

Zone Composition and Thickness

Thickness Composition
0.5 cm Laser Pellet
499.5 cm Vacuum
X cm 82.2% Pb
(see table II.3-1b) 9.3% Na
8.5% Zirc-2
1.5 cm 95% Li
5% S.S.
0.5 cm 100% S.S.
21.4 cm 30.3% ThO
9.2% Zir&-2
1.3% Void
59.2% Na
0.5 cm 100% S.S.
Y cm 95% Li
(see table I1.3-1b) 5% S.S.
60 cm 33% Pb
67% C
10 cm 95% Li

5% S.S.
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where N(Z)(x,t) = U-233 atomic density at position x at time t
N(])(x,t) = Th-232 atomic density at position x at time t
¢.{xst) = Neutron flux of energy group i at position x and

i :
time t
o (1’1), o (1,1) = Microscopic capture and absorption cross section of
i a Th-232 of energy group i, respectively.
9, (1,2) . Microscopic absorption cross section of U-233 of

energy group i.

The fiSsion yield of Th-232 and U-233 and their radioactive decay were ignored
ineq. (1) and (2) [t;, (Th-232) = 1.41 x 10'%r and ty, (U-233) =
1.65 x 105yr].

Upon solving eq. (1) and (2) we get

N(])(x,t) = N(])(x,to)e'b(t‘to) | (3)
N(z)(X,t) - 5(__:FN“)(x,to)[e"b(t-to)_ e'a(t-to)]
+ N(z)(x,to)e'a(t'to) , (4)
where
(1,2)

(i,1)
6500,

11
[g)
—
x
~—
[l

c

with the assumption that the neutron flux does not change with time.
N(z)(x,to) and N(])(x,to)are‘ the atomic densities of U-233 and Th-232,
respectively, at position x and initial time t = to' The amount of U-233

generated G(x,t]+t2) in a time interval t]+t2 at position x 1is
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G(x9t1+t2) = - % N(])(x,to)[éb(tZ'to) - éb(t]'to)]
= - SN, e ebttet) Ly (5)
The amount of U-233 consumed between t; and t, is
t2 (2
C(X,t.l-)'tz) = J‘ a N (X,t)dt. (6)
t

.
With N(Z)(x,t) given by eq. (4) and expressed in terms of t, we find

(1) L (2 o
N2yt = o\ (x,t])[éb(t_t]) _@lt-t)g 4y (X’t])éa(t-t]).

From eq. (6), we find also

ablta-ty) _ 4 galte-ty) _

Clx,tyot,) = ;%% N(1)(X,t1)[e ) - YR,
) N(Z)(x,t])[éa(tZ‘t1) - 1] (7)
where,
N(])(X,t]) = N(])(X,to)éb(t1_t°) (8)
N(2)(x’t1) - & (1)(x’to)[éb(t1-to) - galty=tg);

# N ¢ aa(trto) (9)

In terms of N(1)(x,to) and N(Z)(x,to), eq. (7) can be expressed as:

=b(tz-tg) =b(ty-tg) =zaltz-tg) =a(ty-tg)
C(X,t1+t2) =;_CbN(1)(X’tO)[e 0(-B)e 1 0 - e 0(-;)6 o}
N (e, 2 F2mte) | galtrto) (10)

The enrichment at a certain position x and time t is defined as

2)

N( (x,t) _ Net U-233 atoms/cm3 (11)

E(X,t) = (-I) 3
N (x,t) Th-232 atoms/cm
The fraction of fissile nuclide burned, Bu(x,tg>t) is defined as

C(x,to+t)

Bu(x,to+t) = W
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U-233 atoms consumed/cm3 in the interval t0+t

U-233 atoms generated/cm3 in the interval to+t

and the initial conditions are

t(=)to =0

2 -

N (x,to) 0 (12)
N(]) (x,to) (1. initial Th-232 atomic density

throughout the fuel zone.
If the variation of Th-232 atomic density with time is slight, as it turns out
to be the case in the blankets studied, we can consider
v ko) = w0

This is equivalent to considering b>0 in eq. (3). In this case, we have

from eq. (5)
6lx,tot,) = - En(Debte _ ghtiy (13)
and
G(x,05t) ¥ - Eb-N(”[ébt -1] (14a)
~ ¢ Nt , ¢ = c(x), ~ (14b)

i.e., the U-233 generation is linear with time. Also from eqg. (10)

- =bty _ =bty} zatp _ zaty
Cx,tyot,) = 25 N[ 8 e+ ——F : (15)
and
-bt -at
C(x,00t) = g%%-n(1)[~ e ~l.e =11, (16)

For b - 0, this reduces to

cx,00t) = entDpe - 1227y (17)
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and for small values of a, we finally find,

(1).2
C(x,0ot) = QELijrli- (18)

Thus the consumption of U-233 up to time t is quadratic in time for small

a and b»0. In this case, the fraction of U-233 burned is

- C(x,0-t) _ at

Bu&,&%)—-G“’®¢)« 5 (19)

which is linear in time. The net U-233 generated at point x and time t

under these assumptions is

N2 (x,00t) = 6(x,00t) - C(x,0ot)
= e vty - aen(M)y2
- e NV for smatl at? (20)

One should notice that a, b and ¢ are functions of position.

11.3.C. Effect of Varying the Pb Neutron Multiplier Front Zone Thickness
on the U-233 Bred After Operating Time t

The amount of U-233 produced, consumed and the fraction burned throughout
the fuel zone as a functionof the operating time has been calculated for the
blankets utilizing Pb as a front zone multiplier and shown in Fig. II.3-1

and Table II.3-1. The total U-233 generated in the fuel zone, Gt(t),»is

6, (t) =/ G(X,0~t)dx (21)

The amount of U-233 consumed up to time t in the fuel zone, C_(t), is

t
C(t) = f C(X,0-t)dx . (22)
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The fraction burned, BUt(t), is

C,(t)
BUt(t) = E;TfT N (23)
the net U-233 produced in the fuel zone, Ut(t), is
U () = 6.(t) - ¢ (1), (24)
and the enrichment at that time, Et(t)’ is
u.(t) U (t)
_t .t
_ (1) > >
where TH(t) = [ NV (x,0-t)dx ,

the total Th-232 atoms in the blanket at time t and THo is its atom
inventory at t=0.

The values of Gt(t) and Ct(t), expressed in kg of U-233 and the percentage
of burnup are shown in Fig. II.3-2 and Fig. I1.3-3 for a wall loading of
1.92 MW/mZ. The 25-groun fluxes at each spatial point within the fuel zone
determined at t=0 (clean condition)were used to evaluate the space dependent
coefficients a, b and c. More accurate results necessitate the use of
the neutron flux after each time step with the new atomic densities, as
mentioned in the introduction. This, however, has been done for the optimized
blanket (blanket #13) as will be discussed later.

As shown in Fig. I11.3-2, the U-233 generated, Gt(t), varies linearly
in time for each blanket and the U-233 consumed up to time t, Ct(t)’ is

quadratic in t. The percentage of U-233 burned, BU_(t), is almost linear as

t
shown on Fig. I1.3-2 and deviates from linearity only after ~2.1 year. This

can be shown by considering the fraction of U-233 burned at point x after time
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t [see eq. (14-a)and eq. (16)]:

R

BU(x,0"t)

- ) (26)
N(])[ébt - 1]

c

b

where N(l)(x,t) is considered constant at t, = 0. With b»0, it reduces to
éat

e -1

BU(x,0»t) =~ 1 + 3t

(27)

which has an exponential term. For a non-negligible value of the exponent
(large t), the integrated value BUt(t) is non-linear in time.

Blanket #12 has the highest fuel production rate (see Table II1.3-1)
while blanket #9 has the lowest value among blankets #9, #10, #11 and #12.
As mentioned before, increasing the Pb front zone thickness increases the
fuel production rate and decreases the tritium production rate. However,
the change in these rates is less pronounced when the Pb front zone thickness
exceeds 10 cm (see Section I1.2).

The differences in the values of G _(t), C ,(t) and BU

t t t
#9, #10, #11 and #12 are less pronounced for shorter operating times. This

(t) for blankets

is shown in Fig. II..3-4 where these values are plotted after 1.05 yr

and 2.1 yr for these different blankets. The slope in the curves of Gt(t)’
Ct(t) and BUt(t) shown in Fig. II.,3-4 is larger when the front zone thickness
is small. One should notice that at any operating time, although the amount
of U-233 produced increases as the front zone increases, the amount of U-233

consumed also increases and curves for Ct(t) do not cross one another.
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To study the effect of non-uniform fissile fuel production rates
across the fuel, the time needed to reach a specific enrichment (~4%)
at each point and for each blanket is calculated. This is shown in
Fig. II.3-5 for a wall Toading of 1.92 MW/mZ. This time is
higher for regions further from the D-T neutron source. For blanket #10',
(see Tablc II.3-1), the time to enrichment increases as we reach the outer
edge since the fissile fuel production rate decreases across the fuel zone.
The results in Fig. II1.3-5 are inversely proportional to the fuel production
rate discussed previously in section II.2. The points near the
inner edge of the fuel zone (close to the source) reach 4% enrichment
faster than the points near the outer edge. The curves for blanket #12
and the optimized blanket #13 are shown separately in Fig. I1.3-6 and
Fig. II.3-7, respectively. Also shown are curves for the time needed to
reach 4% enrichment withcut considering the burning of bred U-233. From these
figures, one observes the following:

. The time to enrichment is inversely proportional to Th(n,y) reaction

rate per D-T neutron.
. Including U-233 burning implies each point requires a longer time
to reach the specified enrichment.

. About 12% of U-233 generated is consumed during the enrichment process.
The results shown in Figs. I1.3-5, II1.3-6 and II1.3-7 are useful if there is
a shifting scheme to move one fuel element in the fuel assembly from one

position to another or to retrieve certain fuel elements after reaching a
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Fig. 1I.3-6 TIME TO REACH 4% ENRICH-
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specified enrichment. In our design, however, the fuel assembly is extracted
from the blanket after reaching a specific overall enrichment. It is rotated
180° after approximately half of the residence time in the blanket to assure
a flatter fissile fuel distribution across the assembly. This rotation
scheme is discussed later for the optimized blanket #13.

The time needed to reach a specific overall enrichment, E,(t), defined

t
as the ratio of the total U-233 atoms produced in the fuel zone to the total
Th-232 atoms present at time t, is shown in Table II.3-2. 1In this table,

we summarize the results of fuel production and consumption 1in blankets

#10', #9, #10, #11,#12 and the optimized blanket #13 after reaching 4%
enrichment. The corresponding values without allowing for the depletion

of Th-232 and U-233, denoted by fresh condition, are also given for comparison.
One should notice that the parameter RT = (UBR)0 T(4%)/Th(Kg) is almost
identical for all the blankets. (UBR)0 is the uranium breeding ratio at the
beginning of 1ife of the blanket and T(4%) is the time to reach an overall
enrichment of 4%. The value of RT is nearly constant because as (UBR)O
increases, T(4%) decreases. Thus, lesser amounts of Th-232 (although

small) are depleted.

The results tabulated in Table Il.3-2 are evaluated using the 25-neutron
group flux at clean condition, ¢O. More accurate results are obtained if the
variation of the flux due to U-233 build up and Th-232 depletion are taken
into consideration. This has been done for the optimized blanket #13

and is described below.
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11.3.D. The Burnup Calculation for the Optimized Blanket

The atomic density of Th-232 and U-233 after 0.7 yr are evaluated at each
spatial point in the fuel zone of blanket #13 with a wall load of 1.92 MW/mZ.
The fuel zone is divided into 3 subzones and the average density of Th-232
and U-233 in these subzones is evaluated. Using these densities, the flux
¢] after 0.7 years of operation is evaluated using the ANISN code. The flux
¢] is then used to evaluate the Th-232 and U-233 densities at the end of
the next time step At of 0.7 years. These densities, along with the ANISN
code, are then used to evaluate a new flux, ¢2, after 1.4 years of operation.

The parameters of interest at the beginning of life, after 0.7 years
and 1.4 years of operation are tabulated in Table II.3-3. The values of the UBR
and TBR increase with time due to the enhanced number of neutrons in the blanket
from U-233 fissioning. The number of neutrons produced by U-233 fission is
larger by a factor of 1.8 than those from Th-232 fission after 0.7 yr.

This factor is 3.6 after 1.4 years of operation. The UBR increases by 3.5%

after 0.7 yr and nearly twice as much (7.4%) after 1.4 years. The TBR

increases by 6.4% after 0.7 yr and by 13.2% after 1.4 years. The variation

of UBR and TBR is nearly linear with time. The U-233 production rate

across the fuel zone is shown in Fig. II,3-8 at fresh condition, after 0.7 yr
and after 1.4 yr along with their percentage increase. The percentage increase
in Th(n,y) reaction rate is nearly linear with time. This is shown in

Fig. I1.3-8 where the percentage increase of U-233 production rate after 1.4
years compared to the corresponding value after 0.7 yr is slightly

larger than the percentage increase after 0.7 yr compared to
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Table 11.3-3

Parameters v.s. Operating Time for Blanket #13

per D-T Neutron

i Parameter ! Fresh Cond. After 0.7 Year |After 1.4 Years

' UBR =Th(n,y)  0.9338 0.9673 1.0026

3 Li®%(n,T)a 0.5983 0.6379 0. 6805

Lil (n,tn ) 0.0271 0.0274 0.0277

- TBR (total) 0.6254 0.6652 0.7082

Thin,vo) 0.0799 0.0822 0.0848

' Th(n,2n) 0.0634 0.0628 0.0622

% Th(n,3n)x2 0.0379 f 0.0374 0.0370

' Pb(n,2n) 0.4919 0.4920 0.4921
07330, vo,) 0 0.1474 0.3048
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the corresponding value at the beginning of life (clean condition).
The largest percentage increase in U-233 production rate occurs at the outer
edge of the fuel zone (-~ 5.3% after 0.7 yr and -~ 11% after 1.4 yr). The
corresponding Towest value occurs at ~ 4 cm through the fuel zone
(~ 2.9% after 0.7 yr and 5.8% after 1.4 yr). The net U-233 atoms/cm3
and the fuel enrichment across the fuel zone after 1.4 yr are shown
on Fig. II.3-9 and Fig. I1I1.3-10, respectively. These curves are evaluated with
¢0 only and with % and ¢1.

An estimate of the errors in the important integrated design parameters
after 1.4 years of operation evaluated by using the fresh condition flux,
LI is given in Table 11.3-4 where these parameters are evaluated with
¢0 only, then with ¢o and ¢] (the flux after 0.7 yr). From this table one
can see that the error obtained, when we use only ¢o, is small
(~ 2%).

Since the production of tritium increases with time, procedures for
retrieving the non-constant production rate of tritium should be taken.
Also, a reliable cooling system to remove the increasing heat that is deposited
in the blanket, particularly in the fuel zone, should be designed.

11.3.E. Effect of Fuel Assembly Rotation on the Fissile Fuel and
Tritijum Production

The effect of a mid-life 180° fuel assembly rotation on the blanket
performance (UBR, TBR, etc.) has been studied for the optimized blanket #13.
First, the fuel zone is divided into 3 subzones and the average value
of Th-232 and U-233 atomic densities after 1.4 years was evaluated in these
subzones using % and 97 - The flux, ¢,, in the blanket (before
rotation) is then evaluated using the ANISN code along with
the other blanket parameters. These parameters are then re-

evaluated but with the fuel assembly being rotated. In the input
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Table I1.3-4

The Integrated Parametersfor Blanket #13 After

1.2 yrs
Parameter With ¢o With ¢O& ¢]
Th (kg) x 107° 1.921 1.920
U-233 Net (kg) x 1075 3.936 4.022
Enrichment (%) 2.049 2.086
% Change in Th(kg) -0.05%
% Change in U-233 +2.18%

% Change in Enrichment +2.2%
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to ANISN that is equivalent to replacing the back subzone by the front
subzone keeping the middle subzone unchanged. The results are giVen in Table II.3-5
and the fissile fuel production rates are plotted in Fig. I11.3-11 after

1.4 yrs of operation with and without rotation.

As tabulated in Table I11.3-5, there is a slight decrease in the fissile
fuel and tritium production rates when the fuel assembly is rotated (~0.5%
for UBR and ~0.8% for TBR). The conclusion is that these rates will not
significantly change upon rotation. Since this is true for operating times of
1.4 yr, it should be true for shorter operating times.

This test analysis enables us to rotate the fuel assembly half-way to
the time required to reach a specific overall fuel enrichment (~4%). The fuel
assembly is then left in the blanket to reach this enrichment. The resulting
fissile fuel distribution will be symmetric.

I[.3.F. The Time Needed to Reach 4% Enrichment for the Optimized Blanket

An accurate estimate of the time needed for blanket #13 to reach 4% fuel
enrichment, T(4%), is obtained by using the flux in the fresh condition,
¢O, the flux after 0.7 yr, ¢],and the flux after 1.4 yr, ¢2. The 0.7 yr time-
step used is large but sufficient since the fission rate and the buildup of
U-233 in the blanket 1{s comparatively low. It should be mentioned that although
the neutron flux is recalculated only at the end of each time step (0.7 yr),
the Th-232 and U-233 densities are evaluated sequentially at the end of
smaller sub-timesteps (1 month).

Two types of approximation were used to evaluate T(4%), the forward
dgifference, F.D. and central difference, C.D., approximation. These approximations

are shown schematically on Fig. II.3-12 along with the timestep at which each
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Table II.3-5

The Parameters of Blanket #13 After 1.4 Yr of Operation With
and Without Rotating the Fuel Assembly.”

Parameter Fuel Assembly Not Rotated Fuel Assembly Rotated

UBR =Th(n,y) 1.0026 0.9980

Li%(n,t)a 0.6805 0.6750

Li’ (n,Tn")a 0.0277 0.0277

TBR (total) 0.7087 0.7027

Th(n, vcf) 0.0848 0.0845

Th(n,2n 0.0622 0.0624
Th(n,3n)x2 0.0370 0.0371

Pb(n,2n) 0.4971 0.4921

0?3 (n,vo.) 0.3048 0.2845

* Values given are per D-T neutron
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¢O, ¢],and ¢2 are assumed to be used in the calculation. The parameters of

t(T)’ Ct(T)’ Th(T) and BUt(T) when blanket #13 reaches

4% enrichment are given in Table I1.3-6. Determination of T(4%) used in our

interest,T(4%), G

rotation scheme was based on using ¢O, ¢],and ¢2 in the C.D. scheme. This
is denoted "approximation #4" in Table I11.3-6. The values of the parameters
of interest using other approximations are introduced in Table 1I1.3-6 for
comparison. These approximations are:
Approximation 1: ¢O is used only; Th-232 and U-233 depletion 1is not
considered.
Approximation 2: ¢O is used only; Th-232 and U-233 depletion is
considered.
Approximation 3: ¢O and ¢] are used; Th-232 and U-233 depletion is
considered.
Approximation 4: ¢O, ¢], and ¢2 are used; Th-232 and U-233 depletion is

considered.

The values in Table I1I.3-6 are given for both F.D. and C.D. approximations.
From this table we note that allowing for U-233 and Th-232 depeletion increases
the value of T(4%). Also, the F.D. approximation overestimates this time.

From Table I11.3-6, the time needed to reach 4% enrichment for the optimized

blanket is 2.72 yr. The U-233 generated is ~8.66 x 103 kg, the U-233 consumed

is ~1.11 x 10° kg, the net U-233 is ~7.56 x 10° kg and the Th-232 left in the

blanket is ~1.87 x 10°

kg.

The time needed to reach other values of enrichment (using different
approximations in the C.D. case) can be obtained from Fig. II.3-13 which illustrates
the variation of the enrichment with time. Once notices that this variation

is nearly linear.
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As expected, approximation 4 gives shorter time to reach a given en-
richment compared to other approximations.

I1.3.G. Conclusions

The time for the optimized blanket to reach 4% enrichment is calculated to
be ~2.72 yr. Accordingly, the 180° rotation is done after ~ 1.4 yr. When
the fuel assembly is left in the blanket to complete the 2.72 yr,
the distribution of the net U-233 atoms across the fuel assembly will
be symmetric. This distribution is shown in Fig. II.3-14 where the net
U-233 atom distribution after 2.72 yr without rotation is also shown for
comparison. The total Th-232 used in the spherical model of this blanket
is ~1.96 x 105kg at fresh condition. After 2.72 yr of continuous operation,
the Th-232 present is 1.87 x 105kg. The net U-233 produced is 7.56 x 103 kg.
Just 12.7% of the fuel produced is burned up in the hybrid and the overall
enrichment is then ~4%. The maximum value of U-233 atomic density across the
fuel assembly is 3.1 x 1020 atoms/cm3 (see Fig. II.3-14) and occurs at the
fuel assembly's edges. The minimum value, which is at the assembly's center,
is 2.47 x 1020 atoms/cm3. The corresponding values of the enrichment are
4.69% and 3.75%, respectively. The maximum to minimum value is 1.26 for both.
Further study of the performance of this fuel assembly in a LWR is needed to
provide information regarding the heat transfer and the radiation damage Tevel
with such an enrichment distribution across the fuel assembly.

We turn now to the final section on neutronics in which multidimensional

effects were studied using the Monte Car]o method.

-
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I1.4. Three-Dimensional Neutronics Analysis

I1.4.A. Scope and Findings

As a complement to the Discrete Ordinates one-dimensional neutronics
studies of the last section, a three-dimensional Monte Carlo study of
the SOLASE-H Fusion-Fission hybrid reactor was undertaken, A blanket
design recommended by the one-dimensional studies was considered for
further analysis. This analysis aimed at:

1. The investigation of the asymmetry effects resulting from the
actual reactor geometry as a right circular cylinder with a
point fusion source at its center. (The one-dimensional
studies considered a one-dimensional spherical geometry.)

2. Studying the feasibility of the concept of using a Tattice
configuration in the radial blanket in view of
increasing the breeding densities in the fuel assemblies.

This would lead to shorter times to attain specified enrichments
and the use of smaller fuel inventories.

3. Increasing the fissile breeding by suitable three-dimensional
configurations.

Complete detaiis of the study can be found in Ref. 1. The findings of

the study can be summarized as follows:

1. Severe nonuniformities and asymmetries in the spatial distribution
of the fissile enrichment axially and radially are detected.
Suppression of these nonuniformities is thought to require
elaborate blanket spectra shaping and on-power fuel irradiation

and management programs.
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2. The use of a lattice configuration in the radial blanket with
the Light Water Reactor (LWR) ThO, fuel assemb]ies embedded
in a Pb matrix,acting as neutron multiplier and moderator, does in
fact lead to higher breeding densities in the fuel assemblies.
This results in shorter residence times in the fusion reactor to
attain average projected enrichments. Fuel inventories in this
case are also substantially smaller.

3. Preceding the axial tritium breeding blanket by a Pb neutron

multiplier enhances fissile breeding in the radial blanket at

the expense of the tritium breeding in the axial blanket. This
offers the possibility of controlling the desired ratio of fissile
to fusile breeding.

Three basic designs were considered, and the neutron multiplier to fuel
volume ratio for the suggested lattice configuration was varied. The time in
years to attain an average 4 percent enrichment in the fertile fuel,
the estimated fissile production in metric tons, the fissile nuclei
production per source neutron, and the tritium yield per source neutron
are for a suggested design: 2.27, 2.18, 0.464, and 1.11, respectively.

If a lattice configuration is not used, and the neutron multiplier does
not cover the whole inner surface area of the reactor cavity, for a
configuration suggested by one-dimensional studies, these numbers are:
4.45, 2.24, 0.479, and 1.12. The former suggested design is also
associated with a 50% reduction in the fuel inventory compared to the

latter.
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In the following sections some details of the calculations are
outlined.

11.4.B. Three-Dimensional Parametric Cell Calculations

11.4.B-1. Introduction

The reactor geometry considered is shown in Fig. II.4-1. Three
LWR fuel assemblies of 4 m length each are placed on top of each other.
They surround as a radial cylindrical blanket the point 14 MeV neutron
source resulting from the laser-induced fusion reactions at the center
of a cavity of 6 m radius and 12 m height. An axial blanket is placed
at the top and bottom of the radial blanket, and is used solely for teitium
breeding. A stainless steel structure is used. A 67 v/o C-33 v/o Pb mixture
is used as a reflector-shield for both the radial and axial blankets.
Pb canned in Zircaloy-2 and cooled by Na is used as the neutron multiplier,
Pb was preferred to Be since it does not pose toxicity and availability
problems, and leads to a harder spectrum in the blanket. This will
reduce the fissioning of the 233U produced by thermal neutrons. In
the radial blanket, a Pb zone faces the 14 MeV neutron flux to take
advantage of the threshold Pb(n,2n) reaction for the three considered
designs I, Il and III. In design III, a Pb zone also faces the neutron

source in the axial blanket. In the radial blanket, the first Pb layer
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is followed by a thin Tayer of natural lithium canned in stainless
steel, which filters slow neutrons and prevents them from reaching the
next zone containing the Zircaloy-2 clad and Na-cooled Th0, fuel
assemblies. Filtering of the slow neutrons is beneficial for tritium

233U. Another

breeding and for avoidance of the fissioning of the bred
thin region of Li follows the fissile breeding region to filter the slow
neutron flux component returning from the reflector. This filter-
ing has another beneficial effect in that it reduces the formation
of the U-233 in the outer layers of the fuel assemblies since the
Th-232 (n,y) U-233 reaction behaves in a 1/v manner. This will otherwise

lead to a nonuniform enrichment of the fuel, resulting in turn in non-

uniform power generation when the fuel assemblies are later used in a LWR.

A third fusile breeding zone follows the reflector in the radial blanket

to intercept leaking neutrons, and is followed by the biological shield.

In preliminary studies, the fuel assemblies were placed next to each other.
This resulted in a rather large fuel inventory, and a long time to attain

a specified average enrichment of the irradiated fuel. It was reasoned

that since the neutron source in the system is constant, reducing the fertile
fuel inventory would Tead to higher fissile breeding densities and subsequent
shorter times to attain a required fissile enrichment. This could obviously
have been achieved by reducing the system size, but this approach was
precluded by transient heating of the first wall by the microexplosion.

To obtain the necessary fusion power consistent with the understanding

of laser fusion physics it was decided that the first wall radius must
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be at least 6 m. Because the reactor dimensions were constrained by the
fusion parameters, the fuel inventory reduction had to be accomplished by

replacing part of the fuel with a material which would scatter the

neutrons azimuthally into the fuel assemblies, with minimal absorption,
so that the neutron economy would not be affected significantly. Pb was chosen
for this purpose, due to its added advantage as a neutron multiplier.
It will also not excessively thermalize the spectrum, which is required
_ to avoid excessive fissioning of the bred U-233. A lattice
configuration was chosen with the Pb neutron multiplier/moderator
surrounding the fuel assemblies as shown in Fig. II.4-1. In Design I
the fuel zone is followed by a Li zone preceding the reflector in the
radial blanket, whereas in Designs II and III this Li zone is preceded
by a Pb zone. A three-dimensional study was needed to investigate the suggested
concept of a lattice configuration, which is not conveniently described
by either one or two-dimensional models. Moreover, in a related study of
a magnetically-protected first wall laser driven reactor, Ragheb, Cheng,
and Conn(z) reported severe asymmetry effects in the axial direction caused
by the source-reactor geometry, and the magnitude of this effect needed to
be studied. [Inhomogenities in fissile production are detected in
the axial and radial directions. The suggested lattice configuration

achieves its intended purpose of increased breeding densities and results in shorter
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enrichment times. A parametric study is carried out with respect to
vm/vf, the multiplier-moderator to fuel volume ratio in the breeding
region. The calculational models used in the investigation are
described in the next subsections.

11.4.B-2. The Monte Carlo Calculational and Geometric Models

The total 14 MeV neutron power of 868 MW corresponds to an isotropic

20 source neutrons/

neutron source at the center of the reactor cavity of 3.85 x.10
second.

Due to symmetry, only the upper part of the reactor is considered.
This upper part is now divided into three regions of 200 cm each in the
axial direction denoted as: central part of radial blanket, middle part
of radial blanket, and upper part of radial blanket. Each part .
is then divided into several radial regions. Feor the cell
calculations, "pie-slice" configurations were considered corresponding to
different multiplier-moderator to fuel volume ratios,as shown in
Figs. I1.4-2 and II1.4-3. Radially, each axial region is divided into
several regions: a Pb multiplier zone (10 cm) followed by a tritium breeding
zone (1.5 cm), then by a fissile breeding zone (21.4 cm). The fissile
breeding zone is enclosed within two 0.5 cm thick stainless steel walls.
Adjacent to the fuel zone is the neutron multiplier/moderator zone.
Different v /v, ratios correspond to differént azimuthal
angles for the "pie-slice". Values of v /ve =0, 0.5, and ] correspond to

azimuthal angles for the unit cell of 1.00, 1.50, and 2°, respectively.
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Notice that the views in Figs. I1.4-2 and II.4-3 represent half a unit

cell because of the azimuthal symmetry of the unit cells. In Design I

the fissile breeding zone is followed by an 8 cm thick tritium

breeding zone, then by the reflector and a final Li zone.

Designs II and III differ from Design I in the inclusion of a 1.5 cm Li
filtering zone followed by a 10 cm thick Pb neutron multiplying zone

before an 8 cm tritiumbreeding zone directly preceding the reflector.

To investigate the radial distribution of the quantities of interest,

the fissile breeding zone was subdivided into 4 radial regions of 5,5,5 and
6.4 cm, respectively. In Design III the axial blanket is composed of a 10 cm
Pb neutron multiplying zone, followed by a 50 cm natural Li blanket and a
60 cm reflector. 1In Designs I and II, no axial Pb multiplier zone was used.
Instead, a 60 cm thick blanket followed by a 60 cm reflector were used.

The MORSE Monte Carlo code(4’5)

was used in the calculations. However,
the RSIC-communicated version does not treat external source-driven multiplying
media. Modifications for treating the slowing down of the

14 MeV fusion neutrons in multiplying media with statistical weighting

(3)

were implemented. Details of the methodology adopted is reported elsewhere.

I1.4.B-3. Material Compositions and Cross Section Data

The material compositions considered and the corresponding nuclei

densities are shown in Table II.4-1. For the fuel assemblies, these
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Table II.4-1 Elemental Compositions of Material Mixes

Nuclei Densities

Material Composition Elements Nuclei/(barn.cm)
Neutron Multiplication Zones Ni .18314-5
82.2 v/o Pb + 9.3 v/o Na Cr .32965-5
+ 8.5 v/o Zircaloy-2 Fe .43953-5
Pb .25345-1
Na .23657-2
Ir .35983-2
Sn .54941-4
Fusile Breeding Zones Ni .46900-3
95 v/o Natural Lithium + 5 v/o Cr .72500-3
Stainless Steel Fe .30705-2
Li-6 .31514-2
Li-7 .39321-1
Stainless Steel Structure Ni .93800-2
Cr .14500-1
Fe .61400-1
Fissile Breeding Zones Ni .19929-5
30.3 v/o ThO2 + 9.2 v/o Zircaloy-2 Cr . 35872-5
+1.3 v/o Void + 59.2 v/o Na Coolant Fe .47829-5
0 .13871-1
Na .15032-1
Ir .39156-2
Sn .59786-4
Th .69353-2
Reflector-Shield C .53487-1
33 v/o Pb + 67 v/o C Pb L11161-1
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correspond to a standard PWR assembly with an array of 17 x 17 fuel pins,
and 21.4 cm side-length. Each assembly contains 264 fuel elements of
0.9498 cm outer diameter and a 1.25 cm square pitch. The cladding is
Zircaloy-2 of 0.0572 cm thickness. Fuel pellet diameters are thus 0.819 cm.
Twenty-five locations for the control rod clusters used in a LWR are
present, but are not used. The fuel breeding zone consists of a single
row of fuel assemblies interspersed with regions of Pb neutron multiplier/
moderator. To provide efficient cooling, both the neutron multiplying
and the fissile breeding zones are cooled with Na, but will be water-
cooled when used in a LWR. In thetritium breeding zone natural Tithium
was used and leads to @n acceptable breeding ratio. Higher breeding .
values can be obtained by using a higher Li-density material such as L120,
or by slightly enriching the Li in the 6Li isotope. The reflector is a
mixture of Pb and C to act as a primary gamma shield on the one hand,
and to slow down the leaking fast neutrons by inelastic scattering reactions
on the other.

The transport cross-sections were taken from the coupled 100 n-21 v
group cross section library prepared for EPR calculations by Plaster,
(6,7)

Santoro, Roussin, and Ford III and designated as DLC-37B by the

Radiation Shielding Information Center.(8) These were computed from

the ENDF/B-IV data file.
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Reaction cross sections were used as group collapsed data from the
work of Abdou and Roussin.(10) A 25-group neutron structure was used.
Results of computations are discussed in the next section.

I11.4.C. Discussion of Results

I11.4.C-1. Fissile andTritium Breeding

Tables I1.4-2, 11.4-3, and I11.4-4 show a summary for the tritium and 233U

breeding in Designs I, II and III, respectively. It should be

remembered that Designs Il and III have a Pb zone between the

fissile breeding zone and the reflector, so that the fertile fuel is
surrounded by Pb in a flux trap, whereas Design I has only a tritium
breeding zone at this location. A Pb multiplier zone also precedes the
axial blanket in Design III. For the cases where the suggested lattice
configuration is not used (vm/vf = 0) one obtains a Th(n,y) reaction

per source neutron of 0.479, 0.504 and 0.613 for Designs I, II and

ITI, respectively. The corresponding tritium productions per source
neutron are 1.12, 1.09 and 0.945. Lattice configurations for vm/vf =0,
0.5 1 were investigated for the three designs. The tritium breeding
increases for higher values of vm/vf, whereas the fissile breeding goes
down. The decrease in Design III is slower than in Design I. In the last
colunn of Tables 11.4-2, 11.4-3, and I1.4-4, the sum of thetritium and 23U breed-
ing seems to remain almost constant for each design. In all cases the
axial blanket contributes more to the tritium production than the radial
blanket, mostly from reactions with Li-6. The addition of the 10 cm Pb
zone before the reflector in Design III improved the fissile breeding

in the radial blanket substantially and is recommended as a design feature.
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However, the addition of the neutron multiplying zone in Design III
in front of the axial blanket did not help in increasing the tritium
breeding in the axial blanket. As a matter of fact, it decreases the
breeding from the 7Li isotope.

The results show that the tritium breeding in the axial blanket is
a function of the vm/vf ratio in the radial blanket. Thus, the two

blankets are closely coupled neutronically. One-dimensional models using

simple solid angle weightings must therefore be used with caution when
drawing final conclusions about such 3-dimensional problems.

Tables II1.4-5, 11.4-6, and 11.4-7 display the breeding densities

233

of tritium and U fuel production, defined as:

Number of fusile or fissile nuclei produced
~ per 14,0 MeV source particle

Breeding Density = 3
Total volume of breeding zone in cm

These values have a one-to-one correspondence to those in Tables II.4-2, I11.4-3,
and 11.4-4. The fissile breeding densities increase with increasing values

of vm/vf. The increase is much more pronounced in Design IIT than in

Designs I and II. Note that increased values of the breeding densities

mean shorter times to attain a required average fuel enrichment, using

a smaller fertile inventory. This is the major merit of using a Pb multiplier
in front of the axial blanket and a lattice configuration in which Pb surrounds
the fertile fuel. In the next section we investigate the spatial distribution

of fissile production.
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11.4.C-2. Spatial Distribution of Fissile Fuel Production

Spatial nonuniformities in the fissile fuel production are
detected in all cases. Figs. 11.4-4, I1.4-5, and I11.4-6 show the distribu-
tion of fuel production per source neutron in the fuel assemblies both
radially and axially for Designs I, II and III. These figures reveal
that the Th(n,y) reaction rate per source neutron is largest near the front
edge of the fuel assemblies facing the plasma, especially around the center
of the reactor cavity. For the three designs considered, increased
values of vm/vf lead to higher breeding densities. This will result
in metallurgical and heat transfer problems when operated in the LWRs,

233 in the

resulting in uneven burnup of the fuel. However, the bred
outer Tayers of the assemblies will also be burned in situ faster than

the inner layers. Thus, these two balancing effects will tend to cancel
each other, and no general conclusions can be drawn without further
three-dimensional burnup studies both in the hybrid reactor and the LWRs.
In the axial direction, the peaking at the edges of the fuel assemblies

is still present. This effect is caused by the geometry of the reactor as
a cylinder with a point source at its center leading to different effective
optical thicknesses to be seen by the neutrons moving axially away from
the center. It seems that an elaborate spectral tailoring by changing the
effective optical thicknesses of the blanket regions mov-

ing axially is needed,coupled to an irradiation and fuel manage-

ment program. This will depend on the degree of uniformity required by the LWR.
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In some cases peaking occurs both at the reflector and plasma
sides of the fuel assemblies. In the one-dimensional studies, reduction
in the nonuniformity is achieved by use of Li zones around the fissile
breeding zone. This does not help the axial distribution and the azimuthal
and axial tailoring of the flux trap has not been carried out here.

Fig. I1.4-7 shows that whereas the fissile breeding decreased as
vm/vf increased, the tritium breeding increased, so.
that the two reactions are competing and one is increased or decreased
at the expense of the other. Fig. II.4-8 shows the effect of the lattice
configuration in increasing the breeding densities and, consequently,
the time to attain a given enrichment,as shown in the next section.

11.4.C-3. Effect of Lattice Configuration on Fissile Production Rate

In Table 11.4-8 we show the yearly 233U production for Designs I,

II and III for different values of vm/vf.

The fissile fuel production per year has been calculated from

the relationship:

v v M
my _ my . I
CEDUED s Y (G (1)
v
v
where: U(VEJ is the fissile nuclei yield per source neutron,
f

]020 neutrons) ,

Sn is the 14 MeV neutron source (4.005 x <ec

AV is Avogadro's number,

Mf is the atomic weight of the fissionable nuclide, Mf (233U) = 233.0396,
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v
Vm' is the neutron multiplier-moderator to fuel volume ratio,
f.‘

Y = 3.154 x 107 is a conversion ratio from years to seconds.

It can be noticed from the results of Table II.4-8 that a reduction
in the fuel inventory by going from vm/vf = 0 to 0.5 and 1.0 corresponds
to slower reduction in the yearly fissile fuel production. This is caused
by the higher breeding densities achieved by the suggested lattice
configuration. This will also Tead to a reduction in the time required to
attain a certain fuel enrichment, as shown below.

Let us first define the "enrichment potential"r as:

_ JTotal weight of fissile material | (2)
Initial inventory of fertile material

Notice that the "enrichment" is usually defined as:

. Weight of fissile material
" = Total fuel weight (fertile & fissile)

Now, the time in years to attain a given enrichment potential r can be

expressed as:

v
C Gl - T gy, (5—’5) e o) < DY Gears) ()

Y‘Vf

where r is the enrichment potential,

v
Vm—is the neutron multiplier-moderator to fuel volume ratio,

f

Vep is the volume of the fuel region (cm3),
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K is the yearly production of fissile fuel (ygg;i,

ag, is the volume fraction of fuel material (Th02) in the fuel plus
coolant region (30.3695% in our design),

p(fm) is the density of fuel material, p(ThOz) = 70.0] _gg ,
cm

p(f

o is the weight fraction of fuel in fuel material; for ThO,:

ol = 0.8788
PLITY2

As shown in Table I1.4-8, T, can be substantially reduced, particularly

for Design III, by using the suggested lattice configuration and a neutron
multiplier zone in front of the axial blanket, at the expense of a reduction
in the overall fissile fuel production, and a substantial reduction in

the fuel inventory.

It should be noticed that Design III is superior to Design I both in
overall yearly fissile production and the time required to attain a given
enrichment. If Design I for vm/vf = 0.0 is considered as a base case
arrived at from one-dimensional scoping studies, then Design III for
vm/vf = 1.0 from three-dimensional studies leads to almost the same
fissile fuel production with about half the time to attain a given
enrichment, together with a 50% reduction in the fuel inventory.

11.4.D. Conclusions and Recommendations

Our study suggests that the adoption of a lattice
configuration achieves its intended purpose of increasing the breeding
densities in the fertile fuel, leading in turn to shorter times in the

hybrid to attain a given average enrichment. This is also associated with
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a reduction in the fuel inventory with corresponding economic and safety
implications. While this is accomplished at the expense of a reduction

in the overall fissile fuel production, further refinements in the design
details may overcome this problem in view of the constancy of the sum

of fusile and fissile breeding. Materials other than Pb with low parasitic
absorption should be investigated as lattice scatterer materials.

Preceding the tritium-breeding axial blanket by a Pb multiplying zone is
found to increase the fissile breeding in the radial blanket at the expense
of a reduction of tritium breeding in the axial blanket, and is recommended
as a design feature. The neutronic coupling between the axial and radial
blankets questions the validity of simple solid angle weighting of one-
dimensional calculations used in some previous studies. Severe non-
uniformities in the spatial distribution of the-fissi1e enrichment are
detected radially and axially. The design of detailed spectral shaping

and on-power fuel irradiation and management programs is necessary for

the eventual application of such a concept. Detailed burnup and economic
calculations for both the hybrid and the LWRs are needed to assess the hybrid's
commercial feasibility. Further neutronics cell calculations considering
the fuel pins in the fuel assemblies and self-shielded cross-section data
are needed for more reliable estimates of breeding. Some form of reprocessing
or at least refabrication could be used profitably to produce suitable

LWR fuel without penalties from non-uniform enrichment or elaborate fuel
management in the hybrid. This might be acéomp]ished by irradiation of
single fuel pins rather than whole fuel assemblies. Enrichment of single
fuel pellets embedded in graphite spheres, in a pebble bed concept, then
assembling them into fuel pins and assemblies, would provide uniform

enrichment, and is an interesting concept which bears further investigation.
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II1. Laser Fusion Requirements and First Wall Protection

III.1, Laser and Target Performance Requirements for Hybrids

ITI.1.A. General Analysis

In a pure laser fusion reactor the relatively low efficiency laser driver
must be compensated by a large target gain to maintain an economically
acceptable recirculating power fraction. A fusion-fission hybrid reactor
has the potential of reducing the target performance requirements necessary for
an economic system. It may also allow a Tower laser efficiency and repetition
rate. This relaxation of the fusion performance is a consequence of
two considerations: (1) The fusion neutron energy is multiplied in the
blanket by the fissioning of fertile and bred fissile fuel. The large fission
yield (~200 MeV) compared to the fusion yield (~17.6 MeV) will substantially
multiply the fusion neutron energy if only a small fraction of the fusion
neutrons induce fission. This additional power will help to compensate for
the lower efficiency laser driver. (2) The bred fissile fuel can be periodically
removed from the hybrid and burned in conventional fission reactors. It
therefore serves as an additional revenue source that enhances the hybrid
system economics.

The first of these factors, the fusion neutron energy multiplication in
the blanket, can be related to the overall system performance by the use of
four simple relations. The recirculating power fraction in a hybrid can be
written as

f = gy GF M+ (1-£ )] (M)
where fR is the recirculating power fraction, Nth is the gross thermal
efficiency of the power cycle, L is the net laser efficiency, G is the

thermonuclear gain of the target, Mn is the blanket multiplication of the
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fusion neutron energy, and fn is the fraction of fusion energy in neutrons.

For notational convenience we define

M= ann + (]—fn) (2)

as the net energy multiplication of the hybrid system. Then the expression

for recirculating power becomes
-1
= G
fp = [ngpny 6 M (3)

The value of fn is typically 0.60-0.80 depending on the target design. If

we choose fR = (.25, Ntp = 0.4, and M = 1, then we find

n G = 10. (4)

This is the well known result for pure fusion reactors. The product, n G, is

L
called the fusion gain and is a measure of the recirculating power fraction.
For a recirculating power fraction of 25%, a pellet gain of 100 will be
sufficient for a 10% efficient laser while a gain of 1000 is necessary if

the laser efficiency is only 1%. Most lasers considered as fusion drivers
have efficiencies within this range. The economically allowable recirculating
power fraction therefore places constraints on the performance of the fusion
pellets and their driver.

Another parameter that is important to system performance is the amount

of electrical power that is produced. This is given by
P, = G EL W Ny M (5)
where Pe is the electrical power, EL is the laser energy, and w is the pulse

repetition frequency. The electrical power produced by the reactor will be

important to the cost of components that are sensitive to an economy of scale.
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This is certainly the experience with fission reactors being built today.

To analyze hybrid system performance, an expression that relates the
target gain to the incident laser energy is also required. Wheréas the
first two expressions are simple definitions, this third expression will
depend in a complex way on the target design, laser pulse shape, laser
wavelength, etc. No such expression is available today. The determination
of this relationship is of course the goal of the laser fusion experimental
program in this country, However, for the purposes of this analysis a simple
formula that roughly reproduces the available information about anticipated

target performance can be given as

G = 100 EL” (6)

where EL is measured in MJ. This formula predicts that a 1 Mg laser gives

a gain of 100, a 3.9 MJ laser gives a gain of 1000, and a 300 kJ laser gives
a gain of 13. This is most certainly a very crude estimate but very likely
does not under-rate the current understanding of target performance within
this range of laser energies.

The final fomula that is required for this analysis relates the cost
of the major driver/pellet system components to the other fusion physics
parameters. Here we assume that the capacitive power supplies that are
needed to drive the laser are the dominant cost driver. The power supplies
have been previously identified as a major problem in the driver economicsg])
When more understanding of the pellet manufacturing, cavity pumping, laser
gas handling, and other costs is developed, then this can be included in the
system performance evaluation as well. The analysis done here must presume

that the power supply costs, and not the pellet manufacturing or gas handling
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facility or the cavity pumping equipment are the major cost driver. Although

the calculations are self-consistent, the conclusions are not immune to change

from considerations that are not included in the model. These additional

constraints are likely to be important because they all tend to favor a low

repetition rate while the power supply costs favor a high repetition rate.
Empirical evidence indicates that high voltage power supply lifetime

can be increased by de-rating the actual voltage used in the operation of

the power supply. If the voltage is derated then the power supply capacity

js decreased and thus more volume is required to provide an equal amount

of energy. With these considerations taken into account, the power

supply cost can be expressed as
c=c (2" (7)

where CO and w, are the cost per unit of stored energy and the repetition
rate associated with a reference power supply. The reference repetition
rate is related to the lifetime of the supply. For instance, the reference
system might be one that provides 10]0 shots over 30 years of power plant
life at a 70% plant factor. This would give a reference repetition rate of
15 Hz. The parameter, n, is determined from empirical observation to be
about 1/4. Using these four formulae the power supply cost can be expressed

n-1

kW (net)) = n . :
e M w, nthG“-fR)

c( (8)

where the normalization cost, Co’ is given in $/J and a factor of 2 has been

included to account for indirect costs. With these formulas, the cost of
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power supplies as a function of the laser (or more generally) driver efficiency
can be obtained. The procedure for accomplishing this is:
(1) Choose a value of n
(2) Evaluate the target gain needed to satisfy the recirculating
power fraction constraint
6= (f M)~

Nth N (9)

(3) Evaluate the laser énergy necessary to achieve this target gain
E, = (6/100)0-588 (10)
(4) Evaluate the repetition frequency needed to produce the desired
amount of electrical power
w=P/(GE n, M | (11)
(5) Compute the power supply cost using the formula in Egn. 8.

The results of parametric calculations are shown in Fig. III.1-1. The
total power supply cost (direct and indirect) is plotted as a function of the
driver efficiency for two different net electrical power outputs, 1000 Mwe
and 100 Mwe, and for three different net blanket energy multiplications,

1, 5, and 10. The recirculating power fraction was he]dAfixed at 0.25

and the thermal efficiency was set at 0.40. The reference cost of the power
supplies was taken to be $2.50/joule for a reference repetition frequency of
15 Hz. This was determined by using cost data for the ANTARES power supplies.
These supplies have a cost of $0.50/J and an expected lifetime of 106 shots.
If these supplies were de-rated to obtain a 1ifetime of 1010 shots, then

the total cost would be $5.00/J. We then cut this cost by a factor of two

to take account of technical and manufacturing improvements associated with

larger scale production of such power supplies. This reference cost must



POWER SUPPLY COST ($/kWe)

10>

102 -

10

I11-6

POWER SUPPLY COST vs. LASER EFFICIENCY

AN N N

N
\\ NS,  — — P, = I00MW,

Pe = 'OOOMWe B

EFFICIENCY (%)

Fig. III.1-1



IT1-7

therefore be considered an optimistic choice relative to the state-of-the-art
in power supplies. A1l costs in this analysis are simply proportional to

this reference cost, It is instructive to Took at the relative costs for
these different systems. The 100 Mwe power plant has significantly higher
power supply costs than 1000 Mwe Plants. This clearly demonstrates the
economy of scale associated with the power supply cost dependence. The

higher cost results from the fact that the pellet gain (at any given laser
efficiency) must be chosen to be consistent with the recirculating power
fraction, This high gain then requires a large laser energy. Hence the only
control of the power output (at a given laser efficiency) is the repetition
rate. A low repetition rate is not desirable from a power supply cost
standpoint and therefore the cost per kwe is higher for low power output.

The curves in Fig, III.1-1 clearly extend beyond the maximum upper cost value
that could be afforded in an economical system. As a point of reference,
suppose that the total power plant cost is $2000/kwe(net) and suppose that

the power supplies cannot cost more than 10% of the total. This limits their
cost to $200/kwe. The result of this limitation is shown in Fig. III.1-2.

This figure indicates that a 1000 Mwe pure fusion reactor must have a laser
efficiency of at least4.4% to limit the power supply costs to $200/kwe.

If a 1000 Mwe hybrid reactor with a net energy multiplication of 5 is used

then the laser efficiency must be at least 2.45%. If the energy multiplication
is 10, then a 1.9% efficient laser will suffice. Because all laser efficiencies
are not available, that is each different laser has its own specific efficiency,
this reduction in acceptable laser efficiency that results from the blanket

multiplication could have a significant impact on the introduction of laser
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fusion. It may place into the potential fusion driver category some low
efficiency lasers (with other possible desirable characteristics such as short
wavelength) that might otherwise be excluded. For the 100 Mwe plant the
situation is substantially different. Here the acceptable driver efficiencies
are so high, 19%, 10.5% and 8.1%, for blanket multiplications of 1, 5 and 10,
that the issue becomes a matter of particle beam drivers vs. lasers. It is
unlikely that any laser will have an efficiency of 19%. However, drivers such
as relativistic electron beams or ion beams have the potential of operating

at efficiencies even higher than this. An efficiency of 8 or 10% is within
the range of the CO2 laser (in a multipass mode of operation). Therefore,

it is possible to consider a 100 Mwe hybrid using a laser driver but this
driver technology would not scale to a 100 Mwe pure fusion reactor. A complete
list of the relevant fusion parameters associated with each of these limiting
laser efficiencies is shown in Fig. III.1-3.

Since this analysis is based, in part, upon parameters and constraining
relations that are not well established it is most appropriate to vary these
parameters and view the effect on the power supply costs. One such parameter
is the reference power supply cost of $2.50/joule. However, because the
computed cost in $/kwe is simply linearly proportional to this quantity we
choose not to bother with this trivial case. The dependence on the value
of "n" that appears in Eqn. 7 is more subtle and should be investigated. Note
that the economic preference for high efficiency drivers and higher repetition
rates rather than more stored energy and lower repetition rates,~associated
with lower efficiency lasers, is the result of the parameter "n" in Eqn. 7
being less than one. If n=1, then the power supply cost would be constant

for all laser efficiencies. The analysis shown in Fig. III.1-1 was redone using
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n=1/2. These results are given in Fig. II1.1-4 and III.1-5. In Fig. II1.1-4 it is
seen that the power supply cost for a 1000 Mwe reactor with M=1 is less
for the n=1/2 scaling if the laser efficiency is less than 7.4%. For laser
efficiencies above 7.4%, the n=1/4 scaling provides the lowest cost. This
demonstrates that as “"n" approaches a value of one, the relative cost
benefits of high efficiency drivers over Tow efficiency drivers disappears.
The fusion parameters associated with the minimum acceptable laser efficiency
are shown in Fig. III,1-5. For a 1000 MWy reactor with M=1, the minimum laser
efficiency is now 3.5% rather than 4.4%. A1l of the conc]usioné remain the
same as for the calculations with n=1/4 scaling but the minimum efficiencies
are consistently lower in this case.

Another assumption that should be tested is the relation between target
gain and laser energy. The relation used in the preceding calculations,
Eqn. 6, is 1ikely to be optimistic. By this we do not mean to imply that it
is unachievable but only that it represents the predictions of highly optimized
targets. A more complete technical discussion of these issues is presented

in Section III.1.B. We might therefore look at the consequences of a relation

such as

G = 50 EL” . (12)

This relation predicts that a laser energy 1.5 times greater than that used

in Eqn. 6 is required to produce the same gain. However, the scaling of the
gain with the laser energy, the exponent 1.7, is the same. Therefore, the
expression in Eqn. 12 assumes that the implosion dynamics are the same as those
represented by Eqn. 6 but that only 2/3 of the laser energy is available to

drive the implosion. This could result from less than optimum illumination
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efficiency, for instance. A similar cost analysis was done using Eqn. 12
rather than Eqn. 6 and it is shown in Fig. III.1-6. This change places more
severe constraints on the minimum allowable laser efficiency. A comparison
with Fig. III.1-2 shows that for the 1000 MW, reactar with M=1, the minimum
laser efficiency is now 5.8% rather than 4.4%. Also the slope of the lines
in Fig. III.1-6 is steeper than the lines in Fig. III.1-2. This steepening of
the curves tends to further increase the attractiveness of high efficiency
drivers over low efficiency drivers. |
The preceding analysis indicates that the introduction of a hybrid
blanket with a net energy multiplication of 5-10 can significantly decrease
the required laser/target performance. This could have important effects
on the introduction of laser fusion as an energy source because each
particular laser (or particle beam) driver has its own inherent efficiency.
If, for instance, one assumes less than optimistic pellet scaling (Fig. III.1-6), —
then the introduction of a blanket with a multiplication of 10 reduces the
necessary laser efficiency from 5.8% to 2.4% and the pellet gain from 172
to 42. At 2.4% efficiency, both the 002 and HF lasers are good driver
candidates. However, at 5.8% the HF laser is probably ruled out and the
CO2 laser must be multipassed. This added complication might prove to be
too complex for reliable operation. An almost endless number of interpretations
of these results could be presented. This will not be done because, as stated
in the beginning of this section, there are likely to be importaﬁﬁ constraints
that are not included in this analysis. These would all tend to limit the
maximum allowable repetition rate. However, for the calculations done here,

the repetition rates vary between 5-10 sec'1 for the cases with maximum
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allowable power supply cost. These frequencies seem to be reasonable and
hence there is a good chance that the frequency limit imposed by other
constraints will be greater than these, producing a "window" in parameter
space where laser fusion hybrids can meet all of the economic and technical
constraints.

An equally important issue in the assessment of hybrid reactor systems
is the production of fissile fuel. There are two general types of hybrid
blanket designs that fulfill this purpose. (1) The neutron spectrum is kept
as hard as possible to maximize the production of fuel and minimize the burnup
of the bred fissile fuel in the blanket. The energy multiplication associated
with such blanket designs is about 2-5. (2) The neutron spectrum is allowed
to thermalize so that much of the bred fuel is burned in the blanket. This
type of blanket design generally has a much larger energy multiplication
of 10-50. Clearly, the energy multiplication in the blanket is related to
the blanket criticality by

- -1
Mn = (1-k) . (13)

Hence, a high multiplication is the result of a blanket configuration that is
nearly critical. One must then question whether there is any advantage of

a hybrid operating in a nearly critical configuration over a LMFBR, for
instance. This is a very complex issue that will not be addressed here in
detail.

In the type (1) blanket design, the bred fissile fuel can be periodically
removed from the hybrid and used in conventional LWRs. It is this type of
blanket that has been investigated in the SOLASE-H study., thus the emphasis
in this discussion will be the impact of this blanket design on the pellet/driver

-

requirements. Our neutronics studies have shown that the amount of fissile
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material produced and unburned is essentially proportional to the number of
14 MeV neutrons generated from the fusion reaction. If the hybrid reactor
is designed to be a fuel factory, as it is in our study, then it is desirable
to have a relatively large fusion power. This of course is in contradiction
to the prospect of hybrids reducing the necessary fusion performance. It is
also desirable to limit the blanket energy multiplication. Clearly, a large
fusion power, further multiplied in the blanket, results in a very large
thermal power.

The fissile fuel production can be related to the fusion power by the

following formula:

year

where Pf is the fusion power in MW, fn is the fraction of fusion energy in
14 MeV neutrons, UBR is the uranium breeding ratio and PF is the plant factor
of the hybrid reactor. This formula has been evaluated for U-233 production.

The coefficient for 239

Pu production is 5.3 rather than 5.44. The LWRs in

use today operate with a fuel burnup of 33,000 MWD/MTU. If the fuel

enrichment is taken to be 4%, then the burnup can be expressed as 0.825 GWD/kg
U-233. If the typical fission reactor has a plant factor of 70% so that a 1000 Mwe
reactor, generating 3000 th, operates for 758 GWD/year, then it consumes

919 kg of U-233 per year. Thus, the number of 1000 Mwe fission reactors

that the hybrid can support, without fuel recycle, is

#-LWR -3
hybrid = 5.9x 1077 P fn (UBR) (PF). (15)
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Therefore the fusion power is given by

Pf = 169 (#—LNR)/[fn(UBR) (PF)]. (16)

If the fraction of energy in 14 MeV neutrons and the plant factor are both

taken to be 0.7 we find

|

This simple formula is the result of many assumptions, LWR fuel burnup, fuel

P. = 345 (#-LWR)/UBR.

¢ (17)

enrichment, etc. It must therefore be treated with caution. However, it can

serve as a quick guide to the required fusion performance for a hybrid. Suppose

233

that we desire to fuel 2 LWRs without recvcle using hybrids with a U breeding

ratio of 0.6. This then requires 1150 MW of fusion power. The constraints
placed on the fusion target and driver by this large power requirement are
likely to dominate the constraints imposed by the recirculating power fraction
requirements discussed in the first part of this section. This is the caée‘
in the SOLASE-H study.

Finally, the thermal energy equivalent of the fissile fuel produced by
the hybrid can be compared to the thermal energy produced in the hybrid
itself by the formula

MWD (LWR)  _ 3
MWD (hybrid) = 6 X 107 UBR(M )f /M (18)

where we have again assumed no recycle and 33,000 MWD/MTU in the LWR. In Eqn. 18.

we show the uranium breeding ratio to be a function of the blanket multiplication.

If UBR increases more than linearly with increasing Mn then Eqn. 18 shows that a
large blanket multiplication is desirable. Neutronics studies show that UBR increases

only slightly with increasing Mn,hence the best energy ratio of LWR
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to hybrid is likely to be insensitive to M. However, large values of M

are desirable from a pellet/driver performance point of view. These two
opposing constraints indicate the presence of an optimum blanket multiplication.
Such an optimum value will depend on the economics of the hybrid/LWR system.

The necessary cost information is not available at this time but the
identification of these opposing constraints is of course important.

Using the arguments presented in this section, a set of consistent
pellet/laser parameters were chosen for the SOLASE-H study. This set of
performance parameters allows a coupling between the laser, pellet and the
cavity volume. This in turn determines the first wall neutron and heat
loading which are important to the analysis of radiation damage and
mechanical design of the blanket. These parameters are discussed in

the following section.
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The fusion parameters for the SOLASE-H reactor study are given in
Table III.1-1. The choice of parameters is designed to mitigate the
problems uncovered in the SOLASE laser fusion conceptué] reactor study.

A 2 MJ hydrogen fluoride laser is used. It is assumed that 80% of this
energy is focusable on the target. This is a morevconsefvative estimate than
the 10% losses assumed in SOLASE. Therefore, the targét is irradiated -
with 1.6 MJ of 2.7-3.5 um light. In the SOLASE study it was found that

high gains were difficult to achieve with on]j 1T MJ of laser energy.
Therefore, the hybrid laser energy has been boosted by 60%; The irradiation
is nonuniform, from two opposite sides, and is in the form of a shaped :
pulse, Fig. IV.1-10. The target gain is 194 giving a yie1d 6f 310.MJ.

The target gain is increased by 30% over the value of 150 used in SOLASE,
This is not a desirable result. However, it is necessary to achieve accept-
able hybrid performance. It is assumed that 70% of the fusion energy is in
the form of neutrons and 30% is in X-rays and charged particles. In the
SOLASE study, 80% of the fusion energy was in neutrons and this was too
high. The Tlaser efficiency, including chemical reprocessing of the HF and
the 20% loss of energy in the beam transport, is 2.63%. The pulse repeti-
tion frequency is 4 Hz. This relaxes the requirements on the pulsed power
supplies. Power supply lifetime was found to be a problem generic to all
laser fusion reactor designs. The blanket multiplication varies, due to

the buildup of fissile fuel. In a "clean condition" where only fertile fuel



Total Laser Energy
Laser Energy on Target
Laser Efficiency

Laser Wavelength
Target Gain

Target Energy Yield

Neutrons (70%)

Ions + X-rays (30%)
Pulse Repetition Frequency
Fusion Power
Blanket Multiplication
Thermal Power
Recirculating Power Fraction

1.58-5
2400-2900 Mw
0.26-0.21
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is present the multiplication is 1.58. At the end of 2.7 years when the
fuel assemblies are fully enriched to 4% the blanket multiplication is
5. This leads to variations in the thermal power and recirculating
power fraction of 2400-2900 MW and 0.26-0.21, respectively.

No detailed target design for the hyorid study has been done to verify
this performance. However, these parameters fall within the range of those
quoted in the Titerature and it should be noted that particular atteﬁtion
is given to pulse shaping. The pulse shape that was chosen is closely.
coupled to the design of the multipassed HF laser but is meant to serve as
only an example.” Other similar pulse shapes, determined by detailed tabgét
design calculations, can be easily accommodated by this type of laser L
design. It should also be pointed out that the pulse shaping is accomplished
by pulse stacking on the target. In other words, the target is not irradiated
by all laser beams at all times. This appears to be a very attractive technique
for pulse shaping with nonuniform illumination but the target response must
again be verified and this was not done in this study.

Many design constraints must be met when choosing a set of fusion
parameters. The cavity volume is determined by the magnitude of a single
target explosion rather than the time averaged fusion power, This is a
very important distinction between inertial and magnetic confinement
reactor designs. To minimize the cavity volume, a Tow yield, high repetition
rate system would be desirable. To meet recirculating power fraction re-

guirements this would also imply a low energy laser. Such a set of parameters
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is not consistent with the current understanding of laser-target dynamics.
Laser energies in the megajoule énergy range are necessary and target gains
between 100-1000 give yields of 100-1000 MJ. Clever methods of protecting
the first wall from the target explosion are necessary. In addition, a

high laser pulse repetition rate places a greater burden on the laser

gas handling system. For the HF laser design this may in fact determine the
most economic choice of target gain rather than the recirculating power
fraction. The problem of cavity volume, and therefore blanket volume, 1is
particularly important in this hybrid design. The LWR fuel must reside in
the blanket until it reaches 4% enrichment. For a fixed fusion power the
exposure time needed to reach this enrichment decreases with decreasing
blanket volume. A smaller blanket volume results in a smaller inventory

of fertile fuel, hence it will enrich faster. It would be desirable

to have a cavity radius of less than six meters, but this would require
fusion parameters that are not consistent with current predictions of laser-
target performance.

IIT.1.B-1. Target Output Spectra

As discussed earlier, the target yield will determine the volume of the
cavity. In this hybrid design, gas protection of the stainless stee] first
wall is used. It is assumed that the target X-rays and debris will be
stopped in the 0.5 torr of xenon buffer gas in the cavity. There

appears to be little difficulty in stopping the debris ions. in six
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meters of gas. The X-ray spectrum must be soft enough (or hard enough)

that the first wall temperature ¥iseis small. Many parametric studies

of X-ray spectra for differing target designs have been done and are

reported elsewhere. For the hybrid study it is assumed that 30% of the fusibn
yield is in the form of X-rays and ions. This is 93 MJ of energy. The

exact partitioning of energy is not specified. However, the parametric
studies indicate that target designs producing soft X-ray spectra also result
in a small fraction of the total energy in X-rays. This fraction might

be as Tow as 1-2%. Because the gas is assumed to stop all of this energy
before it reaches the first wall and because the exact energy deposition
profile in the gas is not important, as will be explained 1ater; the hybrid
cavity design is insensitive to the target debris characteristics. Therefore,
a combination of the gas response to the energy deposition and the first wall
responseto the gas reradiation and overpressure will determine the minimum
cavity size. These issues will be discussed in detail in Section III.Z2.

I11.1.C. Studies of Target Gain

Parametric studies have been done to determine the dependence of target
gain on the inertial confinement parameter, pR, the ignition temperature,
and the efficiency of the implosion process. These studies form a basis
for predicting the 1ikelihood of achieving the target gains requisite

for power plant applications. This is an extension of previously reported work.(z)
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The target gain can be factored into the product of two terms,

G=G (19)

c ™
where Gc = Y/Ec is the ratio of thermonuclear yield and the energy in-
vested in the target core, that part of the target that either burns or
acts as a tamper for the burning fuel. The factor ny = Ec/EL is the
fraction of laser energy input that uItimate]y ends up in the target core
at the instant of ignition. Clearly we have 0 <ny<1landG, > 1,

He shall call GC the gain on core and Ny the hydrodynamic 1mp1osibn
efficiency. This study will not deal with the implosion efficiency. This
factor is a complex function of the laser light absorption process and
implosion dynamics, and is very sensitive to the specific target design.
The value of Y varies between 5% and 20% depending on the target design.
The study will instead investigate the gain on core. The compressed DT
target core at the instant of ignition is modelled as shown in Fig. III.1-7.
It has a constant density, p, and is compressed to some value of pR.

It is centrally ignited by a hot "microcore" that is characterized by a
value, pRu’ and this microcore has an ignition temperature, Tu' The
temperature of the remainder of the core is T = Ty (p/p0)2/3 where

T0 =1 eV and po = 0.213 g/cm3. This is the temperature for a plasma
adiabatically compressed from solid density if the initial temperature was
1 eV. It is very important to compute this temperature in a consistent
way if comparisons of gain are to be made because much of the energy in-

vested in the target core is contained in this cold compressed plasma.
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The energy invested in the core at the instant of ignition can be

written as
- 4t 3 4t (03 3 2
E. =3 nkTu (—§-Ru) + 3 nkT (5 (R® - Ru)) +1/2 (m - mu) ug (20)

where the first term is the internal energy of electrons and ions in the
microcore, the second term is the internal energy of the electrons and ions
in the cool compressed surrounding core, and the third term is the energy
associated with the inward fluid motion of the surrounding core at the instant
of ignition. It is assumed that prior to ignition the entire core is moving
inward at some collapse velocity, Ues and at the instant of ignition this
kinetic energy is converted to internal energy in the microcore to reach

the ignition temperature. However, the remainder of the core may still have
this inward velocity at ignition. This is essentially wasted energy.

The . ideal situation would be for the compressed core to reach stagnation
with all of the inward fluid motion converted to the internal energy of the
microcore. The collapse velocity, Ues needed for ignition may be roughly

estimated as

2 _
Vihu = 3 kTu/mDT (21)

where Vthjis the thermal velocity of the DT plasma at the ignition temperature.
To allow a variation of this parameter we insert a factor, b, into Eq. 21

to get
uZ = 3 bkT /m (22)
c W DT ;

If b = 0 then the ideal stagnation condition is met. Then Eq.20 becomes
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' ~ (m-m_ )
E, = 3 kT (ﬂg-kﬁ) +3 kT (3T (R3 - Rg)) ¥ 3/2 -EB$~ bkT . (23)

We can write

3m pR 3
3.3m 3.1 =3k 4o (M |

R 4np ° Ru 4rp ° CV moT »a = ( pR) (24)
and Eq.23 reduces to

E =mc. (T (a+2-3%471(1-a) (25)

c v i 27
or

T* pR
- b _aby, o -
E. = mC, [Tu (a + 5 —70 + 73 (1 - a)l (26)
. 3p§ -1/3
where T¥ = Ty (—EF)
The yield can be written as
Y=ygm fB(pR’pRu’Tu) (27)

where Yo is the specific yield (330 MJ/mg for DT) and fB is the fractional
burnup of the fuel. The fractional burnup is a function of the core

conditions at ignition. The gain on core can now be written as

-<

b

-1
Ge = ¢2 ploRopR,T,) [Ty(a + 7 - By v xR (1-a)m 3y

(28)

The only "unknown" in this expression is the fractional burnup. This is found

using the PHD-IV plasma hydrodynamic-thermonuclear burn simulation code for
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combinations of pR, pRu, and Tu' Many calculations are done to determine the
ignition temperature as a function of pRu. This is a threshold phenomenon
where below the ignition temperature the yield is very low and any temperature
above the ignition temperature results in the same yield. The temperature
profiles during the burn of a DT core are shown in Fig. III.1-8. Each

of these simulations gives one "data point" in this analysis. A summary

of the most important calculational results is given in Table III.1-2

for different values of b. This data can be plotted in a variety of ways.
Figure III.1-9 is a plot of the gain-on-core vs. pR for different values

of b. Each point on these curves uses the optimum combination of Tu

and pRu to achieve the highest gain. Note that for b = 0, the maximum gain
is at pR = 3 g/cmz. However, for b > 0 the gain is maximized at higher
values of pR. This parameter study was limited to the range 2 <pR <5
because the compressions needed for pR > 5 g/cm2 are enormous. Figure
I1I1.1-10is a plot of the combinations opru and Tu that result in ignition
for different values of pR. As the central ignitor becomes larger the
ignition temperature is reduced. This is important because a lower ig-
nition temperature implies that a smaller collapse velocity is needed.

This result is only apparent when b > 0. Figure III.1-11 is a plot of the
gain on core as a function of b for different values of pRu. When b = 0
the smallest value of pRu gives the highest gain on core. However,

the gain on core drops off very rapidly for this case. As the value of

pRu increases the magnitude of G, decreases but it is less sensitive to

the parameter, b. This shows that for large values of pRu the target
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response will be Tess sensitive to small differences in the implosion dynamics.
If a gain on core of 2000 is desired (to combine with an implosion efficiency
of 10% to give a pellet gain of 200) then Fig, III.1-11 shows that the
pRu = 1.0 g/cmz and pRu = 0.7 g/cm2 cases will allow this result using
larger values of b than the pRu= 0.4 g/cm2 case, However, it also shows
that there is very 1little room for error, b = 0.1, in the target fabrication
and the laser pulse shape if gains of 200 are necessary; If the target
~gain could be relaxed to 50 by the use of a high efficiency driver, such
as an jon beam, then a gain on core of 500 (nH = 10%) would allow b to be
greater than 0.6. Such target designs would have a much higher chance of
success than the high gain targets. However, for laser drivers, the lower
gain means that a higher pulse repetition frequency and/or laser energy are
necessary to achieve the same fusion power, This is in conflict with the
technological problems associated with power supplies and their 1ifetimes.

In conclusion, target gains greater than 50 appear difficult to achieve
without very optimum conditions. This leads one to look for high energy,
high efficiency drivers such as ion beams to maximize the 1ikelihood of

success.

References for Section III.]

1. G. Moses, R. Conn, S. Abdel-Khalik, "Power Supply Costs for Inertial
Confinement Fusion Reactors", UWFDM-243, March 1978.

2. G. Moses, "Thermonuclear Burn Characteristics of Compressed DT Pellets",
UWFDM-198, Feb. 1977.
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IIT.2. First Wall Protection by a Buffer Gas

I11.2.A. Introduction

The first wall in a laser fusion reactor is exposed to neutrons,
X-rays and charged particle debris from the target explosion. The long
mean free path of 14 MeV neutrons results in a volumetric heating of the
first wall and blanket. Their major influence on first wall design is the
result of radiation damage effects and this is discussed in Part V.

The jon debris and soft X-rays have short mean free paths (~ um's) in most
structural materials and thus represent a surface heat source to the
first wall. Typically, about 70% of the fusion power is in the form of
neutrons and the remaining 30% of the energy is partitioned between the
X-rays and ions. Therefore, the surface heat flux on the first wall will
be as much as 43% of the neutron wall loading. For neutron wall loadings
of 1-2 Mw/mz, considered to be necessary for economically sized reactors,
the average surface heat flux is 0.4-0.9 MW/mZ. However, this average
value is not indicative of the problem because the target explosion releases
this energy in 100 ps - 10 ns pulses, Therefore, the instantaneous heat
flux can be as high as 2.5 x 108 MW/m2! Parametric studies of first wall
response to X-rays and ions with varying energy spectra show that a

bare unprotected first wall will not survive the surface temperature

rise resulting from this very high instantaneous heat flux.

The first wall must therefore be protected from the ions and soft
X-rays. A variety of schemes have been proposed to do this. The concept

used in the SOLASE design was to fill the cavity with a low pressure
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(0.1-1.0 torr) noble gas. This scheme was also chosen for the hybrid study
and a more complete analysis of the idea is included in this report.
Xenon gas is chosen for this study because it has better X-ray attenuation
and ion stopping properties than either helijum, neon or argon. Since the
spectra of X-rays and ions from the target explosion are not well charac-
terized at this time we also choose xenon because it attenuates the widest range
of possible spectra. The gas pressure is chosen so that the instantaneous
heat Toad on the first wall is reduced to an acceptable value by
attenuation of the X-rays and ions in the gas. This heats the gas
to 1-10 eV temperatures and it then reradiates this energy to the
first wall in a pulse of about 1-2 msec duration, This reduces the
instantaneous heat f]ﬁx by about 105 and the first wall can then conduct
energy to the coolant behind it without experiencing an excessive
temperature rise.
There are many questions that must be answered in regard to the
feasibility of this concept. These include:
a) What are the X-ray and ion spectra resulting from the target
explosion?
b) What is the attenuation of the X-ray and ion energy in the gas?
c) How does the gas behave once it has absorbed the X-ray and ion
energy?
i) Gas reradiation mechanisms and radiation transport
i1) Gas hydrodynamic motion and overpressure on the first wall
d) How does the first wall respond to the reradiated energy and

overpressure?
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i) Evaporation
ii) Mechanical and thermal stresses
e. Can the laser beams be propagated to the target without inter-

ference from laser induced gas breakdown?

i) Where does breakdown occur

ii) Will breakdown affect target performance
A1l of these questions have been addressed in varying degrees. The following
sections will concentrate on questions (c) and (d). The analysis will be
presented in a parametric fashion along with the parameters used for the
hybrid design.

II1.2.B. X-ray and Ion Attenuation in the Xenon Buffer Gas

A great number of parametric calculations have been done to determine
the first wall temperature rise as a function of the X-ray and ion spectra
and the density of buffer gas. These results are reporfed elsewhere and
will not be repeated here. In the SOLASE-H study it was decided to
investigate the possibility of using a metallic first wall protected by xenon
gas. In the SOLASE conceptual reactor design the first wall was made of
graphite. A metallic first wall will attenuate the transmitted X-rays in
a shorter distance than the graphite and hence will suffer a greater surface
temperature rise. However, a metallic right circular cylinder is an attrac-
tive reactor cavity configuration so that it is important to determine
whether this wall and the gas protection offer a viable design. The first
wall temperature rise for stainless steel is plotted as a function of the
blackbody temperature of the X-ray spectrum for different gas densities in

Fig. III-2-1. These calculations have been done for a 10 MJ X-ray yield.
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However the temperature rise scales linearly with the energy so that these
curves can be used to determine the response for an arbitrary amount of
X-rays. We see that the temperature rise in the wall is very large for the
entire range of spectra if only 0.25 torr of Xe gas is included in the
cavity. This must be added to the temperaturerise resulting from the gas
reradiation as well. For 0.5 torr the situation is much better. Here the
temperature rise can be limited to less than 10°C if the blackbody temper-
ature of the X-rays is less than 275 eV. The 1 torr case would 1imit the
temperature rise to 10°C for blackbody spectra less than 425 eV. Because
no pellet spectra are available, it is impossible to assess, at this time,
whether the calculations prove or disprove the viability of protecting
metal first walls with xenon gas. However we can proceed by computing the
first wall response to the reradiated energy from the gas. This will be

an equally important factor in proving the viability of this design. These
next calculations will in no way depend on the X-ray and ion spectra from
the target. We will simply assume that all of the X-ray and ion energy is

absorbed by the gas.
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I11.2.C. Buffér Gas Reradiation

The X-ray and charged particle debris from the target explosion deposit

their energy in the xenon buffer gas in about 1-10 ﬁsec. This heats the

gas to temperatures of 1-10 eV and the gas subsequently reradiates the energy

to the first wall,

There are three processes by which the gas may reradiate this energy:
bremsstrahlung (free-free transitions), line radiation (bound-bound) and
recombination (bound-free). Not all of these mechanisms will occur to the
same degree for a given plasma density and temperature range. It will be
shown that recombination is the dominant radiation process for the xenon
buffer gas.

The mean jonization level of a plasma is determined by the balance
between collisional and radiative atomic processes. Ionization occurs

by a collisional mechanism:
- + - -
A+e ~A +e +e ,

while recombination may be either collisional, via three-body re-

combination, or radiative:
+ - - -
A +e +e A +e
+ -
A" +e > A +hy

The distribution of charge states will be described by the following

expression:
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N, =..ne(,ocz.'i"neQ)

(1)

n, Ne Sz__.I
where n, = number density of ions in ionization state z
a = radiative recombination coefficient
Q = coefficient for three-body collisional recombination into the
ground state
S = collisional ionization coefficient

Usually a plasma can be described by one of two Timiting cases;

Where collisional recombination is the dominant mechanism (i.e, a << Qne),

the energy is distributed according to the Boltzmann distribution law

and the Saha equations will apply:

Nz-1 ='neQ (2)
n, SZ:H
or n,_j . Q. ) Un (2nmekT)3/2 e'Im/kT
ey Sz Upel o p2

where the u, are the electronic partition functions. This is known as the
Local Thermodynamic Equilibrium, or LTE, model.
When the electron density is Tow, radiative recombination is more

important than three-body recombination. Then o >> neQ and

EZ:l.= z_ . (4)

n, Sz-]

(3)
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This is called the Coronal Limit. The plasma is described by the Corona
model, wherein collisional ionization is balanced by radiative recombination.
In this model electrons are assumed to have a Maxwellian distribution and
most ions are to be found in their ground state with only a negligible
fraction in the excited states. Since the ionization and recombination
processes are both two-body, the distribution of ionization levels will not
be dependent on density.

LTE or Saha equilibrium describes high density plasmas such as those
found in electromagnetic discharge tubes while the Corona model is suit-

able for Tow density plasmas such as stellar atmospheres or exploding wire

plasmas. Figure II1.2-2 shows the mean ionization of xenon as a function
of temperature as calculated by both the Saha equations and the Corona
model.

A quantitative criterion for the application of the Corona model is

the following:

N < 10'6 (kT,)7/2 cn3 (5)

15 16

for kTe in eV. For the densities and temperatures (n .~ 10°° - 10",

Te < 10 eV) of interest for the xenon buffer gas, this condition is met.
The equations of state for xenon are readily generated using the

Steady State Corona model. The fraction n, of z-times ionized atoms is

determined from the following set of equations:

Gz Ny = Sz-] P l1<z< Zm (6)
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where z_ is the atomic number of the atom. These relations are solved to

m
yield
S S
0 1 z-1
nz (a]— (-&E) ..... ( az ) no (7)
Z S, S S -1
0y,71 z-1
n =1+ I (==)()..... ( )1 (8)
0 z=1 %1 % %2
where
ey 0 1 1, *
z+1 _ -9 %z ,7z z
5, " 7.87 x 10 ﬁ; (FT‘) exp () - (9)

Here Iz is the ionization potential in eV for ions in charge state z
going to z+1, kT is the plasma temperature in eV, and n, is the number
of outer shell electrons in state z. The ionization potentials for
the elements up to Lawrencium (z=103) have been calculated by

Carlson, et al.

The fraction of atoms in charge state z, n,s is calculated with a
computer using the above equations. This quantity is shown for xenon in
Fig. III.2-3 as a function of z for selected temperatures.

The mean ionization level of the gas will depend on temperature
and is given by

zZ= §m . . (10)
z=1

Figure I11.2-4 shows z for xenon.



I11-46

N A A B B [T 1T T 1T T " JITTT T T 1

——

a——
\ll‘l\
a——
am—
—— —
a— -
am—
anm——

e
—— —
o
am——
a——
cms—
‘\\
anme——

S———
L
II
S
A Y
——— a——
S co—
— —
T— e —
— e c——
— e )

I0eV

1 “

FER NN T Lirler v

1073t~
0-4

_ By
o o
Y4

u

21

18

IS

12

Figi III-2"3



10

()

WONIZATION LEVEL

0.1

[11-47

| I
| 10 102 10

TEMPERATURE (eV)

Fig. III.2-4



IIT-48

For an atom in charge state z, the total internal energy will be the
sum of the jonization energy and the kinetic energy. If [z] = the greatest
integer less than z, the total internal energy per atom will be

30T LG (1)
Exy (1+Z) kT + jET Ij (z - [2]1) Lizge) - ,
Armed with this knowledge, the radiated power density due to re-
combination may be determined from
1.
_ -32 1/2 2 z-1 3_
P.=1.69 x 10 N Te § [z° n(2) —T;—J J/cm”-s (12)
where I _, and T, are in eV,

The power density of bremsstrahlung radiation is given by:
Pap = 1.57 x 1073 n_ 1172 5 [22n(2)71 9/cm3-s (13)

for Te in eV and the summation is carried out over all ionization states z.

The ratio of bremsstrahlung to recombination radiation will be

P Z[zzn(z)] 3
Br _ -3 (14)
=9 x 10
Pr 21z°n(2) (:2=1))
e

For the conditions of interest here this ratio is on the order of 10~
so that bremsstrahlung carries a negligible fraction of the energy énd
thus can be safety omitted from the calculations.
For an optically thin plasma the bower dehsfty of 1ine radiation may be

found via
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) 25 _1/2 ., 2
PL 7 x10 Te ne nZZ Ln(z) eXP (. ) w/cmB (]5)
’ g .
Ni

where g§1 is the oscillator strength for the electronic transition N»i
which is characterized by an energy difference Eﬁi for the atom in charge
state z.

Since most energy radiated will be in the resonance line, i.e. the
transition N>N+1 for N the principal quantum number of the outer shell
e1ectron‘in state z, one can simplify Eqn. 15 by assuming that this is
the only important transition. The oscillator strength for this transition

is assigned the value one-half; Eﬁi may be estimated from
2

‘m. o
EZ. = (az)? 2 ] L (16)
N1 2 ﬁz' (N+1)

where o is the fine structure constant and moc2 is the electron rest mass

(0.511 MeV). With these simplifications Eq. 15 becomes

2

E
P T 3.5x 10725 1-1/2 n2 7 <exp [- N N wemd . (7)

For the temperatures and densities of interest the ratio of this
quantity to the recombination radiation is on the order of 10'4. So we
see that bremsstrahlung and 1ine radiation play a negligible part in the
reradiation process and that recombination is the important mechanism.

In Fig. IIl.2-5 s plotted the instantaneous value of the recombination
power density in xenon as a function of the xenon pressure for differing
amounts of deposited energy. [The xenon pressure is computed at room tempera-

16 3).

ture so that it is actually a measure of the density (1 torr = 3x10 "cm

The volume of xenon that is uniformly heated by the specified energy
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inputs is 452.39 m3 (a 6 m radius sphere). This corresponds to the volume
of the hybrid cavity]. The structure in these curves results from the effects
of reaching different ionization Tevels. The instantaneous power density
does not tell the complete story though because the power density changes
as the plasma radiates away its energy. The total radiated power in a 6 m
cavity as a function of time for different xenon pressures is plotted in
Fig. III.2-6. This was for an energy input of 60 MJ. The initial

decay is nearly exponential with a decay time of about 2 msec. This is
valid for the first millisecond of the reradiation. This time scale

is sufficiently long that the first wall can accommodate the surface heat
flux without excessive temperature rise. This is, of course, the key to
the success of the gas protection concept. The gas must "hold up" the
‘energy from the explosion for a time sufficient to allow the first wall to
conduct the energy to its back surface.

II1.2.D. Radiation Transport in the Buffer Gas

If the partially ionized xenon gas is optically thin then the
heat flux at the first wall can be computed using the expression for the
recombination radiation power density given by Eqn. 12. However, if the
plasma is optically thick (i.e. the photon mean free paths are significantly
shorter than the radius of the cavity) then a treatment of the radiation
diffusion must be done to compute the heat flux at the first wall.

The mean free path may be calculated from the photoelectric cross-
sections for the various ionization states of xenon, if they are known.

Or it may be found using kv’ the absorption coefficient,
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kK = 32ﬂ2 eGZZN
Vo35 pted g
2 2x
= 0.96 x 10~/ 1“—5—- ——% em”] (18)
TOK X

where x; = I/kT, x = hv/kT, N is the density (cm'3), and z is the charge
state. The mean free path is the reciprocal of this quantity. This formula
is valid for high energy photons(hv > I)which are absorbed by atoms and ions
in the ground or a lTow excitation state.

In either case the mean free paths are found to be from 10-50 cm.
Since this is less than 1/10 of the chamber radius, the assumption of
optical thinness is a poor one and absorption and re-emission should be taken
into account. This can be done if the photoelectric cross-sections for
neutral and ionized states of xenon are known so that the full
radiation transport calculation may be carried out. These cross sections
can be approximated using a semi-classical model of the atom. These
calculations are currently being carried out.

However, it is instructive to use a heuristic approach to the problem
where we calculate the photon diffusion time and compare it with the time
over which the energy is radiated away. If A is the mean free path of the

photon and ¢ its speed, then
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2
c

l‘xl

tg > R =2.4x107 sec (19)

>

using typical parameters (R = 6 m, A ~ 50 cm). This diffusion time is

very short compared to the source time, i.e. the rate at which re-
combination photons are created. This implies that the photon diffusion

will cause any initial temperature gradient in space to flatten out

almost instantaneously; that is, become isothermal. In addition, this means
that the radiation diffusion process does not significantly affect the rate at
which the heat flux is delivered to the first wall. The diffusion time is

an order of magnitude less than the free streaming transit time to the wall,
but remains three orders of magnitude less than the characteristic time of
the reradiation process. This is a very important result for it shows that
although the radiation is diffusion limited, the reradiation process itself

is the most important factor governing the rate at which the gas loses energy.

I111.2.E. Buffer Gas Motion

Nonuniform energy deposition profiles resulting from the attenuation of
X-rays and pellet debris in the buffer gas creates pressure gradients.
These in turn lead to hydrodynamic motion of the gas. This hydrodynamic
motion, in the form of a pressure wave, results in an overpressure on the
first wall. In the next section it will be shown that the gas response
is indeed in the form of a pressure wave and not a shock wave. In this
section we present the model used to describe the response of the buffer

gas to the energy deposition from the target debris and X-rays.
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The buffer gas response is modelled by the hydrodynamics computer
code, FIRE. This code solves the one fluid-one temperature plasma
hydrodynamics equations in one spatial dimension. It uses lagrangian
coordinates and tabulated equation of state data for the pressure and
internal energy that were generated using the Corona model (see Section
IIT.2.C). Radiation can be treated using either a pure radiative
power loss term in the temperature equation or by using an effective radiation
temperature approximation for radiation transport. The thermal
conductivity of xenon at Tow temperatures is fitted to experimental
results and this is matched at high temperatures to the formula of Spitzer.
he first wall is modelled as a zero velocity boundary condition on the
butside of the spherical plasma and the overpressure is determined by
the pressure in the outermost spatial zone in the plasma. A standard
explicit finite difference solution to the equation of motion is employed.
This requires a Courant condition to maintain numerical stability. The
coupled temperature equations are solved using- an implicit
Crank-Nicholson finite difference method with the nonlinear coefficients
evaluated explicitly.

II1.2.F. Results of Gas Response to Deposited Energy

ITIT.2.F-1. Nonuniform Temperature Profile

For the purposes of calculating the buffer gas response in the laser

fusion hybrid cavity it was assumed that the pellet X-ray and ion debris
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energy were deposited in the gas in the profile shown in Fig. I1I.2-7.
This energy deposition profile was obtained from X-ray and ion attenuation
calculations in the SOLASE study. In the hybrid study it simply serves

as a convenient model because no specific X-ray and ion spectra are

used. This energy/atom profile corresponds to profiles of temperature and
charge states as shown in Fig. III.2-8. Here the 6 m radius spherical
cavity is divided into 6 concentric shells of 1 m’thickness for the

model calculation. (It should be noted that each of these six regions

is further divided into finite difference zones.) This particular
temperature and charge state distribution is for 60 MJ of deposited energy
and 0.25 torr of xenon. They are computed using the Corona model.

The 60 MJ of deposited energy might correspond to a total pellet yield of
200 MJ, assuming 30% of the energy is in X-rays and ions. The radiated
power density in MJ/ms is plotted as a function of time following the energy
deposition in Fig. III.2-9. In this calculation the pure radiation

loss approximation was used. It is seen that the initial exponential
decay time is about 1 msec., The total energy radiated as a function

of time is shown in Fig. III.2-10. Here it is seen that 90% of the

60 MJ is radiated in 3 msec. Figure III.2-11 14s a radius-time plot of
the gas motion during the reradiation time. Each line on the plot follows
the trajectory of mass shells that originated at equally spaced radii at
time t=0. The very smooth and gentle trajectofies indicate that

no shock wave is present and that the overpressure on the first wall
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is due to a very weak pressure wave. The maximum overpressure comes
at 1.2 msec and is only 30 torr. Figure III;2—12 is a radius-time
plot of the same problem only in this case the radiation Toss was
"turned off" in the code. The gas was not allowed to reradiate the
deposited energy and there was a movement outward due to the pressure
gradient established by the initial temperature profile. The behavior
shown in this figure is still a pressure wave, and not a shock wave,
but it is much stronger., The maximum overpressure is 90 torr and it
occurs at 0.9 msec. It should be noted that the thermal conduction

in the xenon is not strong enough to relax the initial temperature
profile. These two figures very graphically demonstrate the coupling
between the gas reradiation and the gas dynamics., The pressure wave
is significantly weakened by the loss of energy to radiation;
Consequently, the overpressure at the first wall is very low,

Similar calculations have been done at different gas densities.
The results of 60 MJ of energy deposited into a 6 m cavity filled with
0.5 torr of xenon are shown in Fig. III.2-13. In Fig., III.2-14

the total radiated energy vs. time is shown for both the Saha and Coronal
model of the equation of state. There is very little difference between
the two results even though the gas is well within the temperature and
density range for the Coronal model.

I11.2.F-2. Uniform Temperature Profile

Although the pellet X-ray and debris energy is deposited in the gas
so that a nonuniform temperature profile is created, the results of

section III.2.D indicate that this temperature profile might relax to
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a uniform temperature by the process of radiation diffusion. This should
occur on microsecond time scales. Hence, a better approximation to the
gas dynamics might be to assume that the energy is uniformly deposited in
the gas and allow the isothermal gas to radiate using the pdre radiation
loss term again. This is done for the cases of 60 MJ deposited into 0.25,
0.5, and 2. torr of xenon and the results are shown in Fig. III.2-15.
Because the gas is initially at a Tower temperature in these cases, the
exponential time constant is Tonger than for the nonuniform temperature
profiles where the gas in the center zone was quite hot. Here it is about
2 msec rather than 1 msec. This, of course, is a desirable result because
the purpose of the gas is to spread the time over which the heat flux is
incident on the first wall. The rate at which the gas reradiates is nearly
the same for the 0.25, 0.5, and 2. torr cases.

[I1.2.F-3 Comparison of Nonuniform and Uniform Temperature Profile

Calculations with Pure Radiation Loss to Radiation-

Hydrodynamics Calculations with Radiation Diffusion

To most accurately model this problem we require a coupled hydrodynamics-
radiation diffusion calculation. This was done for the case of 0.25 torr of
xenon with 60 MJ deposited ihto it. Because good opacity data was not
available, the Rosseland mean free path was taken to be 1 cm when estimating
the "radiation conductivity" in the radiation temperature diffusion equation.
The same initial temperature profile that was used in the previous calculations
was used as the initial condition in this calculation. Figure III.2-16 shows
the plasma temperature profile in the 6 m cavity for different times during

the simulation. We see that the temperature does in fact relax from its
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initial profile to a rather flat profile in about 0.6 msec. However, during
this time the gas also radiates away about one half of its energy. Hence

the uniform temperature profile discussed in the previous section is an
inadequate approximation to the actual reradiation process. The three differ-
ent models are compared in Fig. III1.2-17. In this figure the energy radiated
across the outer boundary of the plasma in the radiation diffusion calculation
is converted to an effective radiated power density to compare with the other
two models. The model with no radiation diffusion and an initial temperature
profile radiates most strongly at early times because the plasma in the

cavity center is hot, 10 eV. At later times (> 0.2 msec) the uniform temper-
ature model radiates more strongly than the temperature profile model. This
is because by this time the hot plasma in the center has cooled down and the
plasma near the outer boundary of the cavity is hotter in the uniform temper-
ature case than in the temperature profile case. Recall the temperature was
2.7 eV everywhere in the uniform temperature case while the outer 2 m of the
cavity in the profile case were at a lower temperature (see Fig. III.2-16).
The radiation diffusion model is different than both of the other two because
the energy lost in this case is dependent on the temperature and its gradient
at the first wall.

I1I1.2.F-4 Radiation Diffusion Calculations for 96 MJ of Energy in the

Buffer Gas
Many of the calculations discussed in the previous sections were also
done for 96 MJ of energy deposited in the gas. In this case it was assumed
that the pellet yield was 320 MJ and 30% of this was in the form of X-rays
and ions. This, in fact, is the choice used for the SOLASE-H design. The
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goal of this analysis is to determine the maximum amount of energy that can
be satisfactorily handled by the gas protection scheme. More deposited
energy results in higher gas temperatures and shorter reradiation times.

This of course defeats the purpose of the gas protection, to spread the
energy in time. The calculations at 96 MJ were done for 0.5 and 1.0 torr

of gas. Figures III.2-18 and III.2-19 show the radiated power as a function
of time for the temperature profile and uniform temperature models with

the pure radiation loss approximation. For the temperature profile model the
exponential decay time is about 0.1 msec and for the uniform temperature
model the decay time is about 0.25 msec. Figure II1.2-20 is a plot of the
pressure at the first wall as a function of time for the temperature profile
model. The maximum pressure occurs at 0.9 msec and is equal to 45 torr.

This calculation was then run with the radiation diffusion model. .The
results are shown in Fig. IIl.2-21 where the heat flux at the first wall

is plotted as a function of time. In this case the decay time is about 0.7
msec and the peak heat flux occurs 0.12 msec after the reradiation starts.
This time displacement is due to the diffusion time of the radiation starting
from the center of the cavity. The heat flux actually increases for a period
of about 0.3 msec at 0.9 msec after the start of the problem. This increase
is due to the arrival of the pressure wave at the first wall. This compresses
the gas near the wall and raises its temperature. The maximum oyerpressure
is 179 torr. Although the temperature profile model without radiation dif-
fusion predicts the correct arrival time of the pressure pulse, it under-
estimates its strength. From these calculations and those discussed in the

preceding sections we conclude that the complete radiation-hydrodynamics



RADIATED POWER, MJ/msec

104

I11-71

10

10

IR

|

T TTTT]

|

T TTTTT]

|

RADIATED POWER VS.TIME

96 MJ IN Y2 TORR XENON
TEMPERATURE PROFILE, R=6m

I |

I

1 1 1L1]]

|

Lol |

1

L

]

Lt

|

| 2
TIME, msec
Fig, III,2-18



10

RADIATED POWER, MJ/msec

10

IT1-72

T TTTTT]

T T TTTT]

RADIATED POWER VS. TIME

96 MJ IN'2 TORR XENON

UNIFORM TEMPERATURE,
R=6m

| I

Lttt L L bt

Ll

|

Ll

1

| 2
TIME, msec



PRESSURE, torr

I11-73

100
90
80

70

60

D
o
|

W
o
I

20—

PRESSURE AT THE FIRST WALL

96 MJ IN /2 Torr XENON

TEMPERATURE PROFILE,
R=6m

| | I

I ' 2 3
TIME, msec

Fig. III,2-20




HEAT FLUX ( J/cmZsec)

3

IT1-74

RERADIATION OF 96 MJ _DEPOSITED__INTO I/2 TORR-

cr 1T 1T ]

OF XE IN A 6 METER CAVITY

Arrival of pressure wave at the
o /—first onI-PMAx-I'fgtorr —
66.7 MJ
= Radiated =
in 2 msec
| | | I I I I | I |
0020406 08 | 12 14 16 18 2 2224

TIME (msec)

Fig. I11,2-21



ITI-75

‘reatment of the buffer gas response is necessary to adequately model this
mprob]em.

Figure I11.2-22 is a plot of the heat flux at the first wall as a
function of time for 96 MJ of energy deposited into 1 torr of xenon in a
6 m cavity. In this case the maximum heat flux is much lower but the
pressure wave has a significant heating effect on the gas near the wall.
The maximum overpressure in this case is 257 torr.

Before the feasibility of the gas protection concept can be assessed
the first wall response to the incident heat fluxes that were presented
in section III.2.F must be analyzed. This is done in the following section.

II1.2.G. First Wall Response to Reradiated Energy

The reradiation calculations presented in the previous sections
represent a surface heat flux to the first wall. The first wall response
~«111 depend on the time dependent behavior of the heat flux as well as the
thickness and material properties of the wall itself. The thermal response
problem was modelled as shown in Fig. III.2-23. The time dependent temper-

ature diffusion equation

oT
DC'gf

= Lk Lo1ix,t)

was solved numerically using a standard Crank-Nicholson implicit finite
differencing technique. The boundary condition at the back of the wall
was taken to be a fixed temperature, To’ and the boundary condition at
the front of the wall was specified by q(t), the surface heat flux. The
surface heat flux was repetitively applied to the wall with a specified
frequency. The finite difference code therefore computed the transient

response of the wall as well as the cyclic steady state. In the cases

studied here the cyclic steady state was reached in 1.25 sec or 5 cycles.



ITI-76

0¢ 8l

22-2°111 614

(oosw) 3INWIL
91 1 21 0Ol 80 90 0 20

J9sw 2’| ul
- pa4DIpDIdY
rNL'ED

2104 262=*PUY - 1jom ysa1y Yy
— }D 9ADM 3inssaid JO |DALIY

_ | _ _ _ _ B |

40 ¥¥O0l

ALIAVO ¥31L3W 9 V NI NON3X
| OLNI d311S0d3a W 96 40 NOILVIQVYH 3N
. L ) i

I L 1 i

(998-wd/rY) XN14 1V 3H



I11-77

£€2-2°111 ‘614

(6) 4
(4)4

( #.“.yuu

fe—

1

—e]

A,
304N0S

<~ U  NOLOHd
< U 9NILYSINd
7/



111-78

It should be noted that a dimensionless analytic solution to this problem

has been previously developed by S.I. Abdel-Khalik and reported in

UWFDM-220, the "SOLASE Report". This analytic solution may give more

insight into the relative importance of the varying factors that affect

the thermal response of the wall. However, it was also felt that a numerical
solution to the general heat transfer problem would be useful for integration
into a system of codes to model the cavity and first wall response to the
target explosion. Recall that the input for this analysis is given by the
heat fluxes plotted in Fig. II1.2-21 and 22. Figure III.2-24 is a plot of
the maximum temperature difference, between the front and back surfaces of the
wall, as a function of time for the heat fluxes resulting from 96 MJ deposited
into 0.5 and 1.0 torr of xenon gas. In both cases the minimum temperature
difference is about 65°C. The pulse rate is 4 Hz. As one would expect,

the 0.5 torr case has the largest temperature difference, about 740°C, while
the 1.0 torr case has a maximum AT of 620°C. However the maximum AT in the
0.5 torr case has a rather narrow peak in time as compared to the 1.0 torr
case. This could have a significant influence on the structural load
carrying properties of the wall. This will be discussed further in Part V.
The temperature profile in the wall as a function of position for

different times during the transient response within a cycle shows that

only the front half of the wall is subjected to large temperature rises.

These calculations demonstrate that although melting of the wall does not
occur, the temperature on the front surface is raised to values above % the
melting point. The structural integrity of the wall will therefore depend
on the results of a more detailed structural analysis. This work is in
progress. Should these calculations verify that the load carrying performance

of the wall is satisfactory then it is likely that a metal right circular
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cylinder, protected by xenon gas, is a viable laser fusion reactor cavity.
Such a simple design would most certainly be very attractive from an engi-
neering standpoint.

II1.2.H Further Analysis

The goal of this analysis was to determine the upper limits of the
fusion and buffer gas parameters that are still consistent with adequate
protection of a metallic first wall, by xenon gas. The analysis presented
here is far more advanced than that reported in UWFDM-220. However, there
remain several unanswered problems that are important to the analysis and
hence the final conclusions. The most important of these is the opacity
data for xenon gas in the range of 1-10 eV. Such data do not exist at
this time. It is of course very important to the reradiation properties
of the gas. Further work is in progress on this problem. A second problem
is the modelling of the initial conditions of the fireball. It is assumed
that the target X-rays and ions instantaneously deposit their energy in the
gas. A more accurate treatment must include the dynamic interaction between
the pellet debris and the buffer gas. The initial X-rays from the pellet
will ionize the gas and the subsequent pellet debris will therefore be
interacting with a partially jonized plasma, rather than an unionized gas.
In addition the fluid effects of the expanding target pushing against the
buffer gas, and the possible shock generation, must be investigated. A
coupled calculation of the gas dynamics and reradiation and the first wall
response is necessary to determine the transient conditions. It would also
be interesting to investigate the response of various other noble gases such
as neon and argon. The viability of these other gases would of course depend
upon the spectra of the target debris.

The conclusion of this reported work is that the protection of metallic
walls by a buffer gas appears to be feasible. This positive result encourages

us to proceed with a more detailed study of the problem.
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IV.1. An Assessment of the Hydrogen-Fluoride Chemical Laser as a Dr1ver for
an_ICF-Hybrid Reactor

IV.1.A. Introduction

In this report we evaluate the hydrogen-fluoride (HF) chemical laser as

a driver for an ICF-hybrid reactor. The approach taken was to design in

sufficient detail an HF Taser system in order to identify potential problems

and assess the general feasibility and practicality of developing this laser

as an ICF driver. The particular performance characteristics chosen for this

design evolved from the hybrid blanket and pellet physics studies reported

in parts II and III of this report. Although particular parameters are used

in this study to couple with the other parts of the design, discussion is given td the

consequences of varying these parameters so that a more general evaluation can be made.
This section begins with a discussion of the laser performance requjre-

ments and the reasons we chose the HF laser for this design study. This

discussion is followed by the detailed design of the laser obtained from

scaled-up experimental results. Even though the system was not optimized,

we conclude that the HF laser is an attractive candidate for an ICF

driver. There are still problems to be overcome in the development of a large

HF laser but these are no more severe (and frequently less severe) than for

other laser candidates. The principa] question will Tikely be the compati-

bility of the HF laser with the ultimate requirements imposed by the pellet

physics, particularly with respect to wavelength, pulse width, and efficiency.

IV.1.A-1. Performance Requirements of the Laser

Because we are considering a laser fusion hybrid reactor design certain

of the stringent requirements placed on a pure ICF laser can be relaxed
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because of both the energy multiplication present in the fertile blanket
and the fissile fuel production. In choosing those characteristics which
could be relaxed one must be consistent with present understanding of both
the laser and pellet physics; therefore, the selection is not an arbitrary
one. As an additional guide, we used the results of the SOLASE study(]) to
relax those parameters that would have the greatest jmpact on increasing
the feasibility of an ICF laser design.

Table IV.1-1 Tists the range of performance characteristics and other

(2)

practical considerations thought necessary of a pure ICF laser and

Table IV.1-2a lists some of the specific characteristics chosen for the
SOLASE laser.(1) The properties of the hybrid system would apparently

allow the relaxation of three basic laser parameters: namely, the total
energy on target, the pulse repetition frequency, and the efficiency.
However, the pellet physics suggests that the total energy on target cannot
be relaxed below -~ 1 MJ and may actually have to be increased. Fortunately,
the total energy requirement does not appear to be an insurmountable obstacle to the
design of an ICF laser and an increase in the total energy by a factor of 2
or 3 beyond 1 MJ will probably not dramatically increase the difficulties
that have already been encountered. (This depends somewhat on the particular
7aser involved.) For further increases in laser energy, questions concerning
overall system reliability and the absolute physical size and cost become

increasingly serious.
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Table IV.1-1

Requirements for a Pure ICF Laser

Performance Requirements

Energy 1-5 MJ

Peak Power 100~1000 TW
Pulse Width (FWHM) < 3 nsec
Wavelength 0.3-10,6 um

Practical Considerations

Efficiency > 2-10%
Pulse Repetition Frequency 1-30 Hz
A Saturation Flux Near Optical Damage Thresholds
High Reliability

Minimal Maintenance

Low Capital Costs
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Table 1IV,1-2a

Design Parameters for SOLASE

Energy on Target 1 MJ
Energy Generated 1.7 MJ
Peak Power on Target 1000 TW
Pulse Width (FWHM) 1 nsec
Minimum Efficiency 6.7%
Pulse Repetition Frequency 20 Hz

Table IV.1-2b

Design Parameters of a Laser for a Hybrid Reactor

Energy on Target 1.6 MJ
Energy Generated 2 M
Peak Power on Target 240 TW
Pulse Width 3 nsec
Minimum Efficiency 2.6%

Pulse Repetition Frequency 4 Hz
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Relaxation of the pulse rate and efficiency requirements, on the other
hand, appears both feasible and desirable. Slowing the pulse rate will
reduce problems in almost all aspects of the laser system, It will have a major
effect on the gas handling system for example, but the greatest impact will be

(1)

on the energy storage system. In the SOLASE study we found the energy
storage system to be perhaps the weakest aspect of the laser design because
state-of-the-art lifetimes and reliabilities of components such as capacitors
and switches are totally inadequate for high repetition—raté, long-Tived ICF
lasers. By Towering the pulse rate, the effective operating time can be
increased; that is, if a system is rated for 109 shots, it will take

Tonger to reach that value (for a constant energy delivered) as one lowers
the pulse rate. Thus, lowering the repetition rate,while not really solving
any of the problems of the energy storage system,will relax the requirements
imposed on the components.

Reducing the minimum efficiency required is advantageous because this
allows a greater number of potential laser candidates to be considered which
in turn increases the probability of finding a suitable ICF laser. We found
in SOLASE,(]) however, that another consideration is the absolute cost of the
laser system and as the electrical efficiency is lowered the cost of the
energy storage system may become prohibitively expensive. Thus, there may
be a Tower bound on the efficiency dictated by cost even if energy balance
considerations indicate Tower efficiencies would be permissible.

Taking the hybrid blanket performance and the above factors into

consideration, we developed a set of performance characteristics that our
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hybrid laser system must meet. These are listed in Table IV.1-2b. Comparing
the hybrid and SOLASE requirements, the total energy on target was increased
from 1 to 1.6 MJ, while the pulse rate and minimum efficiency were relaxed
from 20 Hz and 6.7% to 4 Hz and 2,6%, respectively. Note that the pulse width
was also increased from 1 nsec (FWHM) to 3 nsec (FWHM). This was possible
because of new concepts in target designs (see part III) and not because the
reactor is now a hybrid.

IV.1.A-2. Choice of the Laser System

In the hybrid study we decided to approach the laser system differently
than was done in SOLASE. In SOLASE(” an attempt was made to design as generic
a laser as possible in order to examine the problems that are common to the
design and construction of a]most‘any ICF laser. In the hybrid study we
decided to examine a specific laser system in detail. In keeping with the
philosophy of the hybrid blanket design, we also wished the Taser to
represent "near-term" technology. Thus, the laser chosen must be a well
established laser and require no major breakthroughs to be implemented beyond
those required for almost any laser system (for example, all require vastly
improved energy storage systems). Finally, if the above criteria were met,
we wished to select a laser that had not previously been examined in detail.

By examining only the established lasers the field of ICF laser candi-
dates can be reduced to four: C02, Nd:glass, jodine, and HF., We tentatively
eliminated the C02 laser because the SOLASE 1aser(1) was closely modelled
after C0,. The Nd:glass laser, although well established in a single-shot
basis, needs considerable development to demonstrate that it can be a viable,
high-pulse-rate laser of reasonable efficiency. The iodine laser is an excellent

laser from nearly all aspects but one: the efficiency. State-of-the-art iodine
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systems are limited to an efficiency < 0.75% which is probably too low even
for a hybrid reactor. It is possible that improved pump sources will be
found that will result in the necessary improvement in the efficiency but
we feel that this constitutes a major breakthrough that we are attempting
to avoid. The HF chemical laser, on the other hand, appears to meet all
our criteria.

In the past the HF laser has been eliminated from serious consideration
because of its high gain, unproven beam quality, and Tong pulse widths.
However, during the past year experiments conducted at Sandia Laboratories(3’4)
have shown that the high-gain HF amplifiers can be controlled and that good
beam quality can be obtained from an HF oscillator-amplifier system. The
remaining objection of long pulse widths can be circumvented by extracting
the energy in a series of short pulses as opposed to one long pu]se(5).

In addition, new concepts in target designs continue to (apparently) in-
Crease the permissible laser-pulse width which makes the HF laser's
natural-pulse width increasingly compatible with ICF requirements. Thus,
the most serious objections have been or can be eliminated. The HF laser
has two other important advantages. One is that it has a very high energy
density which results in a very compact system. The second is that it has
a high electrical efficiency which to a degree ameliorates the energy
storage problems. (This advantage is offset somewhat by the short time
scales in which the laser must be pumped and by the need for continuous
chemical reprocessing ,) Thus, the HF laser appears to be the best choice
for our hybrid laser system study.

IV.1.A-3. Overview of the Laser System

The HF laser considered for this study is pumped by the chemical chain

reaction between H2 and F2 and utilizes a 3000/900/100 Torr mixture of



1v-8

F2/02/H2. The chain reaction is initiated by an electron beam which has
a pulse width of 20 nsec (FWHM). The natural pulse width of the laser
is 12 nsec (FWHM). The laser lases on a number of P-branch transitions
whose wavelengths vary from 2.6 to 3.5 um.

The total energy generated by the laser is ~ 2 MJ. The energy is
delivered in a 240 TW, 3-nsec (FWHM) pulse at a repetition rate of 4 Hz.
It was assumed that . 80% of the initial 2 MJ is focusable so that about
1.6 MJ is actually incident on the target.

The system includes 20 final amplifiers each of which generates 100 kJ
of laser energy. The amplifiers have square optical apertures that are
102 x 102 cm and have a length of 34 cm. Two electron beams irradiate each
cavity from opposite sides and deposit a total energy of 193 kJ in the
gas. Each Marx generator must store ~ 170 kJ. Energy is extracted from
eighteen of the amplifiers in a series of three short pulses that are com-
bined on target in a manner that gives the desired pulse shape. From the
remaining two amplifiers a single long pulse is extracted.

Because the laser is chemically pumped the gas is continuously repro-
cessed. The HF is removed by a KF chemical trap to a concentration of
<1 Torr. Then H2 and F2 are regenerated by the electrolysis of the resulting
HF-KF eutectic mixture.

The net electrical and chemical efficiencies of the laser are 24%
and 4%; respectively. The net efficiency of the entire laser system
including an estimate of all recirculating power costs is 2.7%.

IV.1.B. Characteristics of the HF Laser

The HF chemical laser,as the name implies,is pumped by a chemical

reaction that yields HF in vibrationally excited states. A large number of reactions -
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involving a variety of fluorine and hydrogen donor molecules can be utilized
to pump the laser. 1In particular our laser will use H2 and F2 as the
reactants to take advantage of the chemical chain reaction. In nearly all
systems an external energy source such as a discharge, electron beam or
flashlamp is used to initiate the reaction by dissociating the fluorine-
donor molecule. The resulting free-fluorine atom then attacks the hydrogen
donor producing HF in a vibrationally-rotationally excited state. Vibrational
Tevels up to ~ v = 6 can be populated but the majority of the laser energy
originates from the v = 3, 2, and 1 vibrational levels. If the reaction
proceeds rapidly enough, population inversions will occur on a number of
vibrational-rotational transitions whose wavelengths vary from 2.6 to 3.5 um.
The pertinent reactions and a schematic of HF energy levels is shown

in Fig. IV.1-1.

Once the reactions are initiated (in our case by dissociating F2 and H2 with
an electron beam), it will proceed until all the available reactants are
consumed. This has the result of increasing the electrical efficiency of
the laser because additional chemical energy, and therefore 1ight energy,
is generated via the chain reaction for each initial dissociation. This
increase in electrical efficiency is advantageous because it decreases the
electrical energy storage requirements.

Because the HF laser is a chemical laser one must consider not only

the electrical efficiency but also the chemical efficiency. The basic
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electrical and chemical efficiencies can be defined as the laser energy out
divided by the total electrical energy deposited in the gas and the total
chemical energy released by the reaction, respectively. However, to get the
total electrical and chemical efficiencies one must include the efficiency
of depositing energy into the gas and the efficiency of reprocessing the gas.
The overall efficiency of the laser is then determined from the total
electrical and chemical efficiencies plus all additional recirculating

power costs. The fact that HF is a chemical laser also means that the laser
medium must be continuously reprocessed. That is, the newly formed HF must
be removed from the residual gases and regenerated into H2 and F2 before it
can be used again.

One significant advantage of many lasers is that energy can be de-
posited and stored in the upper laser level over a relatively long period of
time and then extracted in a short pulse. Thus, the Taser serves as an
energy compressing medium. This is not true of HF because energy deposited
in its upper laser levels is rapidly removed by both collisional deactivation
by other molecules and by amplified spontaneous emission. As a result, laser
energy must be ektracted as the chemical energy is deposited or it is lost.
This makes it difficult to efficiently obtain very short pulses because
it requires that the chemical burn time be approximately the same length
as the desired optical pulse. The natural-pulse width can be decreased
by increasing both the total pressure and rate at which the free fluorine
atoms are initially created. Unfortunately, it is probably not feasible

to reduce the natural pulse width to the requisite 1 to 3 nsec (FWHM) because
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of the e-beam requirements; however, a Jaser pulse width of ~ 12 nsec (FWHM) is
plausible. A shorter pulse could be cut from an oscillator and then amplified
but because only the energy that is generated while the pulse is passing
through the amplifier will be extracted, the system would be very inefficient.
An alternative is to cover the entire natural pulse with a series of short
pulses and combine these on target to give the desired pulse shape. This
can be accomplished by using a scheme called angular mu]tip]exing(s) which
is similar to the multi-passing technique used in SOLASE.(1) This is
discussed further in Sec. IV.1.C and in the appendix to IV.T.

Figures IV.1-2 to 4 present data that are particularly releyant to the
design of our HF laser. Figure IV.1-2 gives the basic chemical and electrical
efficiencies measured as a function of hydrogen partial pressure obtained

(6)

from Sandia experiments. Note that electrical efficiencies in excess of
100% can be obtained but only by sacrificing the chemical efficiency. It
appears from the data that the maximum net efficiency occurs for an F2/02/H2
mixture of 300/90/10 for which the electrical efficiency is approximately 60%,
It should also be pointed out that the values of the chemical efficiency

shown in the figure are based on conservative estimates and that the actual
chemical efficiency may be as much as 50% greater.(4)

Figure IV.1-3 shows the variation of laser output as a function of
hydrogen partial pressure, again from the experiments described in Ref. 6,
The active volume in these experiments was 32.3 liters from which the energy
density can be calculated. Since the energy density should scale directly

with the total pressure, one can calculate from this data the energy

density available for any pressure-mixture combination.
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Figure IV.1-4 indicates the fraction of the total available energy that
can be extracted from an amplifier as a function of input beam intensity.(3)
This data was obtained at a tota] pressure of 1240 Torr with an Fol/0p/H,
ratio of 1/0.3/0.25. This data indicates that in order to extract ~ 90%
of the available energy the input intensity must be 3_107 W/cmz. However,

4 N/cm2 will adequately control amplified stimulated emission

any input > 10
(ASE) providing that the entire amplifier volume is covered by the extracting
beam dur%ng the entire pumping process.

IV.1.C. The Final Amplifier Design

As discussed in Sec. IV.1.A, the principal performance requirements
that our specific Taser design must meet are a total output of 2 MJ, a pulise
width of - 3 nsec (FWHM), and a minimum efficiency of 2.6%. 1In addition to
meeting these goals, we also wished the design to represent "near-term"
techno]ogy, if possible. Thus, the design should incorporate only modest
extrapo]ations of state-of-the-art technology and laser parameters. In order to
make a realistic design we have not tried to optimize the HF laser, but have
merely extrapolated from presently available experimental results to higher
pressures and larger volumes.

The HF laser has a good data base upon which to make the necessary
extrapolations. To date, the HF laser has one of the largest recorded energy
outputs(G) for a short pulse laser: 4.2 kJ in a 25-nsec pulse (FWHM). In
addition, experimental data exists on efficiency. energy extraction and beam

quality of high energy (100-200 J) amplifiers.
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Before going into the design details it will be beneficial to describe
the general design and point out those parameters that once chosen define
the rest of the design. As in SOLASE,(1) the laser will consist of several
final power amplifiers and a front end that drives them. Through the
amplifiers will flow an Fos Hy and 0, laser mixture. Electron beams will
initiate the chain reaction to produce HF lasing. The laser radiation will
be extracted in a series of short pulses. Finally, HF molecules will be
removed from the spent laser gas and reprocessed into H2 and F2.

In designing a laser one must make appropriate but realistic choices
for the efficiency, the natural-pulse width, the optical energy output per
final amplifier, and the optical damage threshold of the amplifier windows.

In making these choices, other parameters such as gas pressure, mixture, and
physica] dimensions become essentially fixed. Also, the combination of the
natural-pulse width and desired pulse shape largely determines the particulars
of the multi-passing (i.e. angular multiplexing) scheme. A final factor

that can affect the design is the possibility of laser-induced gas breakdown
within the laser cavity.

Turning to the details of our design, we will first examine the question
of the laser energy output per final amplifier. The principle constraint is
that the total energy from all amplifiers must equal 2 MJ. Within the constraint
one must choose acombination of energy per amplifier and total number of
amplifiers that is both practical and realistic. From a practical and
capital cost standpoint one would Tike to minimize the number of final

amplifiers. Reducing the number of amplifiers makes the system more compact,
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less expensive, and more manageable because of the fewer components required.
This also makes the optics more manageable because it reduces the number

of optical beams that must be handled, Reducing the number of amplifiers,
however, requires an increase in the energy per amplifier. In increasing

the energy, one also increases the probability that the extrapolations used
will not be valid, resulting in a more gquestionable design. Also, it will be
more difficult to manage and control the greater electrical, chemical, and
optical energies present.

After considering the above factors, we chose 100 kJ to be the laser

energy per final amplifier. Thus, twenty final amplifiers are required to
generate 2 MJ. We feel that a 100 kJ module is realistically obtainable and
that the electrical and chemical energies present are quite manageable.
The principal question appears to be not whether 100 kJ is feasible but
 rather the quantitative validity of our extrapolations. On the other side
we feel that the number of amplifiers (20) and the number of optical beams
(56) are within practical 1limits.

A second parameter to choose is the operating efficiency. The
efficiency as a function of H, partial pressure for a particular HF

(6)

experiment is shown in Fig. IV.1-2. There are arguments for operating
at high electrical efficiencies but we chose to operate at the maximum
net efficiency for which the basic electrical efficiency is ppproximate]y
60%. The particular mixture that gives the maximum net efficiency is

F2/02/H2 = 300/90/10. This hydrogen-lean mixture also has the advantage
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of greatly reducing the gas handling problems over those for more hydrogen-
rich mixtures which are required if higher electrical efficiencies are desired.
From the data(s) in Fig. IV.1-3 one can calculate that for this mixture at
400 Torr, 33.3 J/2 of opfica] energy can be extracted. This energy density
should scale directly with the total pressure for a constant mixture ratio.
The third parameter to choose is the natural-pulse width. One of the
performance requirements imposed on our laser is that the laser pulse on
target have a width < 3 nsec (FWHM). Unfortunately, because of e-beam
limitations the natural-pulse width of the HF laser cannot be made this
short. Instead one must rely on multi-passing techniques to generate the
desired short pulse as will be discussed. However, to minimize the complexity
of the system it is desirable to make the natural-pulse width as short as
possible. Realistically this width is about 10 to 15 nsec (FWHM).
Experimentally it has been found that the pulse width is roughly
inversely proportional to the pressure. The experimentally determined
pulse width (FWHM) at 400 Torr of our particular mixture is approximately

(6)

100 nsec. Extrapolation from this data indicates that increasing the
total pressure to 4000 Torr will decrease the pulse width to about 10 nsec.
At this pressure the extractable energy density is ~ 333 J/% so that a

300 T1iter cavity should yield a 100 kJ output. However, a computer

(7)

simulation of an amplifier with these parameters, but configured as an
oscillator, gave an output of 92.2 kJ and a pulse width of 14 nsec (FWHM)

(see Fig. IV.1-5). A somewhat longer pulse is expected for an oscillator
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as opposed to an amplifier because of the many transit times in the oscillator.
This may account in part for the discrepancy. It is difficult to evaluate
which extrapolation is more accurate. As a compromise, we have

taken the pulse width to be an average of the two or 12 nsec (FWHM), and

to be conservative, we have taken the available energy density to be 307 J/%
as given by the kinetics code. This energy density requires a volume of

~ 325 Titers to yield a 100 kJ output.

The above calculations assume a fresh mixture of pure Fz, 02 and H2;
however, a realistic mixture will probably have some residual HF present
from previous shots. This residual HF can be very detrimental to the
laser performance because of absorption and deactivation of the excited HF
molecules. A p]ot(7) of the laser output as a function of HF (v = 0)
pressure is shown in Fig. IV.1-6, For our design we will assume a
residual concentration of ~ 1 torr of HF. This reduces the original cal-
culated laser output from 92.2 kJ to 90 kJ. To account for the reduced
output, the volume was further increased to 333 Titers.

The optical aperture that is required can be calculated from the optical
damage threshold of the windows and the total energy in each beam. Because
of the great technological difficulty of fabricating large sapphire windows,
we are assuming that quartz windows wiil be satisfactory. Unfortunately,
commercial quartz, even the best "IR" grade, has an absorption band
at 2.7 um. However, this absorption is not inherent to the quartz itself
but to the manufacturing process which introduces OH radicals into the quartz.
It is believed this problem can be eliminated by substituting D2 for H2 in

the manufacture of quartz. Until this is verified, however, the availability
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of sufficiently large windows will remain one of the primary question marks

of this HF laser design. Assuming quartz is available, a reasonably

conservative operating intensity for a 12-nsec (FWHM) pulse is . 10 J/cmz, Because
of the high gain, the beam can be taken to be relatively uniform over its

cross section. Thus, for 100-kJ output an aperture area of - 104 cm2 is

required to keep the intensity < 10 J/cmz. The most convenient configuration

for the cavity appears to be a box in which two sides comprise the optical

windows, two sides the electron beams, and two sides the gas flow channels.

This results in a square aperture approximately 1 meter on a side. Quartz
windows are available in these dimensions. In order to withstand the pressures
the w}ndows will have to be 6 to 7 cm thick. Given the aperture area of
104 cm2 and a total volume of 333 &, the length of the amplifier is determined
to be approximately 34 cm.

One other factor will affect the actual size of the laser cavity and
that is the necessity to multi-pass in order to reduce the pulse width on
target. This technique requires passing beams through the cavity sequantially
in time with each beam at a slightly different angle. This will be discussed
in more detail, but the net effect is that one can no Tonger extract energy
from the entire aperture area. Thus, the size of the aperture must be
increased slightly such that the beam area can be 104 cmz. For our parameters,
the size of the aperture must be 102 x 102 cm. Thus, the cavity in our design
will have a square aperture of 102 x 102 cm and a length of 34 cm. A schematic

of the cavity is shown in Fig. IV.1-7.
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Having nowbdefined the basic parameters of the Taser one must investigate
the possibility of laser-induced gas breakdown within the laser cavity.
Should the light intensity be sufficient to break down the gas the result
at best would be degradation of the beam quality and at worst the total
absorption and reflection of the 1light which will result if the electron density
reaches the plasma cutoff frequency for our particular wavelength (ne ~ 1.2 x
1020/cm3 for HF wavelengths). A1l such effects are to be avoided.

Since thereareno data on laser-induced breakdown for typical HF laser gas

mixtures or their major constituents, we must extrapolate from other data.

(8) 2

developed a basic breakdown scaling relationship, ft, -~ ﬁ—,

Rockwood, et al.
where f is the Tight intensity, tp is the pulse width, w the laser frequency,
and N is the number density of the medium. Technically this equation is only

9 sec and our pulse width is 12 nsec, but this

app1ic§b1e for tp << 10°
expression should give a rough estimate of the breakdown threshold. Using

data for CO, wavelength radiation in an He/Nz/CO2 mixture(S) yields a

threshold of 3 x 109 W/cmz. Using data for ruby 1ight(9) in H2 gives a value
of 1.7 x 109 w/cmz. The peak flux in our design is 8.3 x 108 W/cmz‘ These
calculations indicate’that our Taser would operate near the breakdown thres-
hold and because of the qualitative nature of the estimates may actually exceed
the threshold. A potentially favorable factor is the high electron affinity
exhibited by both F2 and 0, that could significantly raise the threshold. It
should also be noted that the laser intensity only reaches its peak value near
the exit of the laser cavity. We decided not to change our parameters based

on hossib]e gas breakdown, but we do emphasize that this could be a potential

problem for our particular design parameters. Note that this problem if it

arises can be avoided by selecting an appropriate set of operating parameters. We
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strongly suggest that breakdown in HF laser mixtures be investigated experimentally

to give a good data base so that this problem can be more accurately evaluated.
The preceding discussion has basically defined the Taser parameters bf the

final ampTifier, but what has not been examined is the pulse shaping that is

required. The type of pulse shape that will ultimately be required is

of course not known at this time. After examining the question, however, we

felt that a pulse that approximates the one shown in Fig. IV.1-8 would be

reasonable. Since our natural-pulse width is 12 nsec (FWHM) (see Fig. IV.1-93),

it clearly must be altered in some way to meet our criteria. One could

simply extract a 3-nsec portion of the pulse, but this would be a very

inefficient use of the available energy. A better approach is to extract

the entire energy available by having not just one but a series of short

pulses that cover the entire pulse. Since the beams are extracted from

the same amplifier but at different times, one must be capable of handling

the beams independently so that they can be forced to arrive at the target

at the appropriate time. This problem is identical to that faced in

(1)

extracting multiple beams from the SOLASE laser and indeed can be solved
by applying the same multi-passing technique. (It should be noted that the
fundamental physics that dictate the use of the multi-passing technique are
quite different in the two systems.)

To briefly explain, in the mu1t1-passing technique one successively passes

each beam through the amplifier at a slightly different angle. Then one allows

the beams to travel far enough that they physically separate. When separated,
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each beam can be handled independently and the distance each must travel to
reach the pellet can be adjusted so that they arrive at the target at
the appropriate time. This technique has been discussed with respect to an
HF laser by Sandia Laboratories and they have called it angular mu]tip]exing.(5)
Note that laser radiation must cover the high-gain HF amplifier at all times
to suppress ASE. Such a technique appears essential because there are no
known methods of electrically or mechanically switching such high energy beams
on such short time scales.

The natural pulse of our system is 12 nsec wide and has a peak power of
~ 8.3 TW. The shape is approximately trapezoidal and is assumed to be as
illustrated in Fig. IV.1-9a for computational purposes. One of the best
schemes for extracting the energy appears to be to divide it into three
parts as shown in Fig. IV,1-9b. Thus, three beams must be used to extract the
energy: ones that extract the first 9 nsec, the next 3 nsec, and the final
6 nsec as measured along the base of the pulse, Only two
pulse widths, 18 nsec and 3 nsec, are reguired to accomplish this
as discussed in the next section. Since there appears to be
no convenient way to combine beams, each beam must be independently transported
to the target and conbined at the target as illustrated in Fig. IV.1-9c.

We will multi-pass eighteen of the twenty amplifiers in this manner and
extract the full energy in one pulse from the other two. Then a pulse as
shown in Fig. IV.1-10 can be formed by using the two long pulses to form the

"foot" and stacking the remaining pulses as indicated in Fig. IV.1-9¢c. Two
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values for the power and energy have been indicated in Fig. IV.1-10. The

higher of the two represent the laser output of the amplfiers and

the lower values represent the energy and power on target. The energy on
target was estimated to be about 80% of the energy generated by the laser.
The estimate included such factors as window and mirror losses, beam quality,

alignment errors, and phase-front distortions.

In multi-passing the final amplifiers several factors must be considered.
The principal consideration is the trade-off between the distance between
input and output optics that is required for the beams to separate and
the fraction of the total volume that is extracted per beam. The details
of the geometryare given in the appendix to this chapter. We chose
24 meters to be the distance between input and output optics. This means
that - 96% of the volume can be extracted. To account for this slight
decrease in volume extracted the aperture had to be increased by ~ 2% on each
side: from 100 to 102 cm.

IV.1.D. The Front End of the HF Laser System

The purpose of the front end of the laser system is to generate laser
beams with the appropriate characteristics to effectively extract energy from
the final power amplifiers. Parameters of particular importance include
the beam quality, the intensity, the pulse width, and the spectral overlap.
The beam quality, which determines the focusability of the beam, must be

maintained as high as possible throughout the preamplifier system because
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the beam quality at the exit of an amplifier can be no better than that of

the input beam. The input intensity is important because the extractable

energy is a function of intensity. The front end must also generate pulses

of the appropriate widths. This is particularly important because multi-passing
is used in our system. Finally, good spectral overlap between the oscillator
and the amplifiers is essential since only when there is overlap will the

optical energy be amplified and ultimately extracted.

In our particular design, the front end must generate pulses capable of
driving final amplifiers from which a single, 12-nsec (FWHM) pulse is
extracted and amplifiers from which a series of short pulses are extracted.
Thus, one must be able to cut pulses of the appropriate widths from the
original pulse generated by the master oscillator. For the single-passed
amplifier the required covering pulse must be > 18 nsec in duration. As
discussed in the previous section the multi-passed amplifiers must have
three successive covering pulses having widths of 2 nsec, 3 nsec, and 6 nsec,
respectively.

The simplest method of obtaining this goal is illustrated in Fig. IV.1-11.
This requires the generation of just two basic pulse widths, 18 nsec and 3 nsec.
The three pulses required can be obtained by simply splitting the
original 18 nsec pulse twice. It must be remembered that in the HF laser,
energy can only be extracted as it is generated and that it is only generated
during the natural 12-nsec (FWHM) pulse width. Therefore, the leading

edge of the 18-nsec pulse that covers the first 9 nsec of the natural pulse
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should not be amplified nor should the trailing edge of the second 18 nsec
pulse. Realistically, however, one would expect some gain in these regions

so that the leading and trailing edges should experience some amplification.
This could result in a small prepulse from the lTeading edge but this should

be of 1ittle consequence in our design because we actually specified a
relatively high-energy "foot" in the ideal pulse shape (see Fig. IV.1-8)

and a prepulse should just increase this slightly. Also, due to the method

we chose to stack pulses, much of the energy in the trailing edge will actually
appear on target in the peak of the pulse which is beneficial.

If a prepulse does occur and should it ultimately be deemed undesirable,
it can be eliminated by covering the initial 9 nsec of the natural pulse
’with one of equal duration as shown in Fig. IV.1-12. This will require
the generation of a third pulse with a 9-nsec duration. If this does not
fully eliminate the prepulse an off-target bias beam could be used to
control the ASE. At this time we feel the first approach is satis-
factory and will utilize it in our design.

A successful method for the generation of these short pulses has been

(10)

developed and is illustrated in Fig. IV.1-13. A master oscillator,

preamplifier system generates an initial pulse that is typically 1 J and

(10)

100 nsec in duration. To extract short pulses, a polarization technique
is utilized which incorporates an electro-optic switch and Brewster-angle
beamsplitter. The electro-optic switch rotates the linearly-polarized
laser beam 90° for a time period equal to the desired pulse width. After

amplification the total pulse strikes the Brewster-angle beamsplitter and
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because of the difference in polarization the rotated portion is reflected
while the remaining portion is transmitted. In this manner the desired
short pulse is cut from the long pulse. Short pulses with good contrast
ratios have been obtained in this manner.

In our particular design we must generate two short pulses of 18-nsec
and 3-nsec duration each. This can be accomplished by basically using
the above technique twice. As jllustrated in Fig. IV.1-13, we will first cut
an 18-nsec pulse from the beam. This 18 nsec pulse is then split by a
pellicle,which minimizes dispersion of the beam. The reflected part is split
twice more to form the three 18-nsec pulses required to cover both the single
and multi-passed amplifiers. The transmitted beam passes through another
electro-optic switch which rotates a portion of the beam for 3 nsec. As
before, the rotated, 3-nsec pulse is reflected by a Brewster-angle beam-
splitter while the remaining portion is not.

The pulse that the master oscillator generates must have good spectral
overiap with that of the F2-H2 amplifiers in order to obtain a good extraction
efficiency. One approach is to develop an oscillator that operates on F2-H2

4) have demonstrated that

mixtures. Howéver, recent experiments at Sandia(
the spectrum produced by an SF6~HI fueled oscillator yields the same extraction
efficiency as an F2—H2 oscillator. Either one would appear to be a suitable
candidate for the master oscillator.

Having generated the proper short pulses it is necessary to amplify
them to sufficient size and intensity to drive the final amplifiers.

Specifically, the beam must cover the entire amplifier aperture (- 104 cmz)
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with an intensity of 3_107 w/cmz. The total energy required for either
the single pass or the sum total of the three multi-passed beams is

~ 1800 J. In our design there are 20 final amplifiers, two that are
single-passed and 18 that are multi-passed.

One approach to amplifying these pulses is to have a chain of pre-
amplifiers for each of the 20 final amplifiers. However, because of the rela-
tively small amount of total energy present in the front end, an attractive
alternative is to have only a few chains of preamplifiers and split these
beams into the appropriate number of beams after amplification. In
particular, one can consider two chains, one for the single-passed amplifiers
and one for the multi-passed amplifiers. The reason for this division
is that each of the preamplifiers in the multi-passed chain must be multi-
passed as well to suppress ASE. This configuration greatly simplifies the
front end design but requires the development of non-dispersive,

50/50 beamsplitters for the multi-line HF laser. Such beamsplitters
have not been demonstrated but are plausible and their development is being
pursued.(]])

A preliminary examination of the requirements for the preamplifier chain
revealed no special problems that had not been addressed in the final
amplifier design. Also it was noted that there is comparatively little
energy in the front end so that efficiency is not of major concern. For
these reasons we did not attempt a detailed front end design but merely

calculated some typical preamplifier parameters in order to get an indication
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of what such a system might look 1ike. For simplicity, we decided to use

the same gas mixture and pressure in each of the preamplifiers as in the final
amplifiers. We then designed a system to amplify the pulses to the desired
total energy. Note that this may not result in a strictly valid set of
pulses to drive the final amplifiers because the energy will not be
distributed such that the intensity is 3_107 W/cm2 at all times. However,
our parameters closely approximate those that are ideally required so that
our design should not be dramatically different from an optimum one. In
designing an actual front end one would vary the gas mixture and pressure to
optimize pulse amplification and facilitate amplifier design.

The front end parameters that we calculated are summarized in Fig. IV.1-14
and 15 and in Tables IV.1-3 and 4. The input pulses to the first preamplifiers
are from the short pulse generation system shown in Fig. IV.1-13. 1In the
single-pass chain the pulse is amplified to 6850 J and then split in half to
drive the two single-pass, final amplifiers. In the other chain the energy
in each preamplifier is extracted by three successive beams. The total energy
in the three beams is ~ 33 kd. Each of the three beams will then be

split into 18 equal beams to drive the 18 multi-passed, final amplifiers.
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 Table '1V.1-3

18 nsec Preamplifier Chain‘Parameters

Amplifier 1 2 3
Aperture (cm2) 16 36 900
(4x4) (6x6) (30x30)

Length (cm) 20 20 25
Input Energy (J) 0.002 4.3 216
Output Energy (J) 5.85 216 6850
Input Intensity (W/cm?) 10t 107 2x107
Output Intensity (w/cmz) 3x10’ 5x108 6x108



IV-43

‘Table 1IV.1-4

Multi-passed Preamplifier‘ChainvParameters
(Pass Sequentially 9 ns, 3 ns, and 6 ns Pulses)

Amplifier 1 2 3 4
Aperture (cm?) 7.3 156 625 3025
(2.7x2.7) (12.5x12.5)  (25x25) (55x55)
Length (cm) 20 20 20 30
Input Energy (J) 9 ns 0.0013 0.89 183 1650
3ns  0.0002 0.47 93.8 907
6ns  0.0013 0.45 91.5 825
Output Energy (J) 9 ns 1.26 220 1930 16080
3ns  0.68 116 1013 8620
6ns  0.63 1m0 965 8040
Input Intensity (W/em?)  10° 10° 5x107 108

Output Intensity (N/cmz) 3x10’ 2.5x10° 5x108 8.5x108
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IV.1.E. The Gas Handling System

IV.1.E-1. Introduction

The gas handling and reprocessing system for an HF laser presents
special, but not unique, problems of managing highly corrosive gas mixtures,
large over-pressures, and continuous reprocessing, While the difficulties
aSsociated with these are considerable, they are not exceptional except when
compared with particularly benign lasers such as COZ' The problems appear
much tess formidable when compared with iodine, rare-gas halogen, group VI,
or mercury halide lasers. The latter two systems in particular will probably
present gas handling problems of an equal if not more insidious nature.

Given the experiences of the chemical industries which hand]e fluorine and hydrogen-

fluoride, the problems of gas handling in the HF laser system appear quite manageable,

In order to identify the questions that must be addressed, we will
begin by describing the basic requirements that the gas-handling system must
meet. As discussed in Sections IV.1.B and C the laser is based on the chemical
reactionsofH2 and F, to form HF. Mixtures of H, and F, tend to be explosively
unstable so that the first requirement is to obtain stable mixtures
(on a molecular scale) that do not ignite until triggered externally. Once
triggered, the rapid release of energy into the gas causes large over-
pressures and high temperature gradients. The resulting density gradients
must be eliminated prior to the next laser pulse if high beam quality is to be
maintained. After the completion of the chain reaction the HF must be separated

from the remaining Fo and 0, in the gas mixture and then reprocessed into H, and
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Fy for reuse. (The oxygen is added to the F,-H, mixture to eliminate

spontaneous detonations,) The final requirement is that all materials
be compatible with Fy and HF. Thus, the gas handling can be divided into

three stages: mixing, burning and reprocessing.

IV.1.E-2. The Mixing and Flow of the Laser Mixture

The most important consideration is whether or not our particular
mixture of 3000/900/100 Torr of F2/02/H2 is stable. Any mixture that
spontaneously detonates cannot be associated with a viable system. A graph(12) of
pressures at which spontaneous detonation occurs for various static mixtures is shown
in Fig. IV.1-16. Detonation occurs for points on the curves and at all
higher pressures. This data indicates that our mixture should be stable.
vAn additional safety margin is provided by the fact that our system is
flowing, and flowing mixtures are more stable than static mixtures
since most detonations are wall related.

The basic flow pattern will be to have "sTugs" of fuei separated
by a non-combustible buffer zone. Ideally this fuel slug should be just
the size of the laser cavity. If it were smaller, insufficient cptical
energy would be generated; if larger, inefficient use of the chemical energy
would result. The buffer zone serves to prevent flame propagation upstream
and to help reestablish uniform flow conditions prior to the next pulse.

There are several possible approaches to generating the required flow
pattern. One is to separate fuel slugs with an inert gas such as He or Ar.
A second approach is to have a continuous flow of an F2~02 mixture to which
Hz and an inert gas are alternately added to form the fuel and buffer zones,

respectively. A third possibility is to simply have a fuel region separated
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by a pure F,-0, zone without adding any inert gas. The first two approaches
greatly increase the reprocessing requirements because the inert gas must
be removed from the residual fuel mixture. There also will be difficulties
with index of refraction matching near the interface regions. Finally
the valving system required will be more complex than in the third scheme.
This third scheme also has problems, however, resulting from the fact that
there will be a pressure differential between the fuel and buffer zones.
This results in index of refraction gradients and enhanced H2 diffusion out
of the fuel zone. After consideration of the various approaches we chose
the third for our design for two basic reasons: fipst, its simplicity and
secondly, the fact that the pressure differential is small for our parameters
(1 part in 40) so that the detrimental effects should be small. It should
be pointed out that one of the alternative schemes could be used if our
choice proves unworkable,

Thus, our system will have a continuous flow of F2 and 02 into which
H2 will be injected. A principle requirement is that the H2 must mix
thoroughly on a molecular scale before the reaction is initiated. Thus,
sufficient time must be allowed after injection for mixing to occur. However, one
also wishes to minimize the necessary mixing time to reduce H, diffusion out
of the desired fuel zone. This problem can be adequately resolved by
turbulently injecting the H2 into the F2-02 mixture. This requires only a few
centimeters for complete mixing (equivalent to a few milliseconds in time

at our flow rates).
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Thus, the H2 will be injected from a mixing head that can be placed
a few centimeters from the cavity. The H, will be turbulently injected
through a large number of orifices spaced across the mixing head. A
constant pressure F2—02 mixture will continuously flow through the mixing
head. An important consideration in determining the chemical efficiency of
the laser is the speed at which the H2 valves can be opened and closed.
For maximum efficiency one would ideally 1ike a square fuel slug as shown
in Fig. IV.1-17a that is exactly the length of the laser cavity. In reality,
however, the slug will look Tike that in Fig. IV.1-17b in which the rise
and fall times are determined largely by the valving speed but also by
diffusion. The valving speed for state-of-the-art va1ves(]3) is < b msec and
since our slugs are 125-msec long (1 meter at 8 m/sec) this component of
the chemical efficiency is > 90%. In this study we will assume an efficiency
of 90%.

Another consideration in establishing a flow is possible boundary
layer effects. One such effect can result from the velocity differential
between the flow at the center of the channel and at the walls. This can
greatly deform the slug and is, of course, undesirable. This can
be countered by having turbulent flow and minimizing the flow distance so
that effects have Tess time to establish. Because of the turbulent injection
of H2 into the F2—02 flow stream and the short flow distance, deformation
of the slug should not be a serious problem in our system. A second
approach should be mentioned, however, and it is to establish the flow of a

non-reacting gas mixture at the wall. To minimize problems of
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reprocessing and index matching this should probably be the pure F2-02
mixture. This would greatly reduce the drag on the fuel slug itself
reducing any deformation. This technique has the additional advantage of
isolating the fuel from the wall. This could reduce spontaneous detonations
if they become a problem, because many detonations are triggered by wall
effects. However, the application of this technique does not appear
necessary for our parameters,

IV.1.E-3. Post-Detonation Effects

During the chemical burn a tremendous amount of energy is released

almost instantaneously into a small volume of gas. The result is the forma-

tion of strong shock waves and temperature gradients in the flow channel.

One problem that can arise from these phenomena is the triggering of premature
detonations by hot reaction products that have propagated upstream. Another
problem is that these density gradients create index-of-refraction gradients,
which if not suppressed prior to the next pulse will result in very poor |

optical beam quality. The small scale density variations (é%) must be kept

to less than about 10'3 for acceptable beam qua]ity.(]4)

The exact require-
ment depends on the laser cavity dimensions, the optical aperture, the focal
length of the last mirror, the wavelength, and the required spot size on the
target. In addition, large scale gradients (i.e., the size of the chamber)
must also be kept below minimum values to prevent unacceptable phase front

distortions. Unfortunately, the shock waves cannot be merely swept away by

the incoming gas but instead continuously reflect back and forth through the
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flow channel until gradually dissipated by Joss of energy, Specially
designed muffler systems must be incorporated into the flow channel to
greatly decrease the time required to dissipate the shock waves.

To examine the post-detonation effects in more detail, a simple
schematic of the situation is shown in Fig. IV.1-18, The gas is at
an initial pressure and temperature P0 and To which in our design
equal 4000 Torr and 300°K, respectively. During the burn the pressure
and temperature rise to values P] and T]. This sets up a shock wave
of pressure PS] which in reflecting off the mixing head exerts a pressure,
PsZ'

The over-pressure and temperature rise can be estimated by calculating
the energy released and assuming that the gas comes to thermal equilibrium
with only HF, F2, and 0, present. This ignores possible dissociation
and 02 reactions. The reaction yields about 65 kcal per mole of HF

formed. The change in temperature is related to the change in energy by

where Cv is the constant volume heat capacity. Assuming that CV ~ 5 cal/mole-K

and that the volume does not change during the energy release we find

ap
P0

=
>

T _ 26,000 c
T; To H2 ’

where CH2 is the H, mole fraction. For our parameters, T, = 300°K and

CH = 1/40 so that
2
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From this relation one can calculate that the gas in the cavity will
instantaneously rise to a temperature T] of 950°K and a pressure P1 of
12,000 Torr.

(15)

A detailed shock tube analysis was performed for a system with
these parameters. The analysis assumed ideal gas behavior and that the
mixing head perfectly reflected the shock. These calculations yielded
a shock wave pressure Ps] of 8000 Torr, a reflected shock wave pressure
P52 of 14,400 Torr on the mixing head and a gas temperature adjacent to
the mixing head of only 450°.

To adequately handle these pressure and temperature effects the
gas handling system must be able to reestablish a uniform, room-temperature
gas flow in about one-half the time between Tlaser pulses (~ 125 msec in
our design) and prevent any flame propagation upstream. TRW has examined

(14)

these problems for several ICF laser candidates including an HF

laser. The particular HF Taser system that they studied had a considerably
higher H2 concentration than our design and therefore a much higher
over-pressure (AP/p = 7 as opposed to AP/p = 2), They concluded that a
suppression system could be designed for their choice of HF laser parameters
that would perform adequately with respect to beam quality at repetition
rates of up to 10 Hz. Since their requirements were more stringent than
ours with respect to both over-pressure and repetition rate, we conclude
that an appropriate muffler system such as a vented duct device can be

designed to give satisfactory performance in our system, although no

detailed design will be proposed.
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A more complicated problem is the propagation of hot reaction

products upstream which can result in several detrimental effects.

One is flame propagation upstream. Another related

problem is the premature detonation of a fuel slug by residual reaction
products anywhere in the flow channel. The third is the need to remove
all temperature and pressure gradients prior to the succeeding pulse.
This latter was discussed above and it was concluded that such gradients
can be eliminated in a sufficiently short time. However, if the
reaction products travel far enough upstream the process of removing
gradients will be greatly hindered. The net result of these potential
problems is that one wants to minimize the propagation of products up-
stream.

There are two methods that will totally prevent the propagation past
the mixing head. One is to use mechanical valves to isolate the up-
stream channel until all major over-pressures are eliminated and the other
is to have fully choked flow in the mixing head. Neither technique is
particularly desirable. Stopping the flow with a valve will cause small
shock waves in the upstream channel - exactly what we want to prevent -
and will put stress on the pumps. To operate at choked flow requires that
the AP in the mixing be at Teast equal to the maximum over-pressure at the
mixing head (14,400 Torr in our design). This would require intolerably
high pumping powers.

After some consideration, it was decided that some flow upstream

could be tolerated in the F2-02 channel. It was noted that the shock wave



IV-55

was rather weak (it more closely approximates the CO2 case studied

by TRW in which the ap/p = 1.5). (%)

Most of this shock wave
can probably be reflected by either the mixing head or a special
plate designed to reflect the shock wave but not inhibit the steady
flow. Thus, one would not expect any extensive propagation further up-
stream and any products can probably be swept out by the natural flow
of the gas. However, some shock wave damping will probably be required
in the upstream channel. In addition, there is no H, present so that
there is no threat of spontaneous detonations. We assumed, somewhat
arbitrarily, that the AP required to reestablish the flow is only
350 Torr. We feel, however, that the problem will have great impact
on the laser performance and should be examined in greater detail.

The situation is quite different for the H2 stream. If hot
reaction products which are primarily composed of F, and 02 were to
propagate up the H, channel, the result would almost certainly be a
spontaneous detonation, This must be prevented. It should be noted
that under normal operating conditions the H, valves will be closed at times
of major over-pressures. By the time the valves must open to produce a
new fuel slug (~ 125 msec after the previous pulse) all pressure variations
should have been suppressed so that only a modest AP in the H2 orifices
should be required to prevent any back flow into the H, channel. However,
for safety reasons (a valve fails to close, for example) the Hy orifices
should be operated with a AP at least equal to the maximum over-pressure
or 14,400 Torr in our design. This should prevent any flame propagation

up the H2 flow channel. Fortunately, the H2 mass flow in our design is
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a small fraction of the total so that this large AP does not significantly
increase the pumping power requirements (see Section IV.1.G).

A final aspect of post-detonation effects that must be considered
is whether the cyclic temperatures and pressures will present any
special materials problems. A number of materials have been found capable .
of handling F2 and HF including nickel, copper, aluminum, monel and
stainless steel, many of which perform well at elevated temperatures.
However, these all resist corrosion by the formation of a protective
layer of various fluorine compounds, It is possible that the cyclic
stresses could cause flaking or cracking of this layer which could promote
corrosion. This is also an area that requires further investigations.

To summarize, it appears that post-detonation effects can be adequately
and economically controlled. The potential problems are greatly ameliorated
by our choice of a hydrogen-lean mixture and Tow repetition rate.

Increasing either the Hy concentration or the repetition rate will
increase the difficulties of coping with these effects. These post-
detonation effects will probably be the limiting factors on the maximum H2
concentration that can be used and the maximum repetition rate that can

be obtained in a practical HF laser system.

IV.1.E-4, Chemical Reprocessing

An essential requirement of the gas-handling system is the capability
of reprocessing the spent-fuel mixture. This is necessary because the
pumping process relies on the reactions of H, and F2 to form HF and,
in order to reuse the gas, HF must be regenerated into Hs and Fo. Another

reason for removing the HF is that small residual amounts of HF in the
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initial laser mixture can be very detrimental to the optical output;
the addition of as little as 25 Torr of HF to the 4000 Torr mixture reduces
the optical output by a factor of two(7) (see Fig. IV.1-6). Thus,
although most of the spent fuel consists of Fo and 0, which can be reused
without reprocessing, HF must be removed from this spent fuel to levels on
the order of 1 Torr for an efficient system.

The intial F2/02/H2 fuel mixture in our system is at a pressure of
3000/900/100 Torr. After the burn the gas is essentially a mixture
of Fo, 02 and HF. This assumes virtually no formation of H,0 or other
species. From computer simulations of other mixtures these assumptions

(7,18) Thus, the problem is to efficiently remove

appear quite valid.
a small amount of HF from a large amount of F2-02. Ideally one would
Tike to remove the HF without perturbing the F2-O2 flow which could
be a closed loop. This goal is not realistic, however, and one must chose a
method that minimizes the perturbation. It should also be pointed out that
although we expect negligible water formation, the system must be kept free of
H20 because it tends to trigger spontaneous detonations and increase
the corrosiveness of the gases. In addition, it is likely that methods
for removing corrosion products will be necessary, However, in this
design we will address only the removal of HF.
There appear to be at least two viable techniques for separating
HF from the remaining gases. One is to simply cool the gas. Because
HF has the highest boiling point of any of the constituents, it will
condense out first. (This would also remove any water vapor present.)
The second method is to chemically trap the HF molecules. One of the most

attractive chemical traps is the absorption of HF by KF.

.
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The cooling approach, although viable, could prove very costly in

terms of the energy requirements. In order to reduce the HF partial pressure(]ﬁ)
to ~ 1 Torr the mixture must be cooled to -~ -100°C. Since the HF constitutes
only a small fraction of the mixture most of the energy is wasted in cooling

the rest of the gas. In addition,the FZ-O2 must be reheated to room

temperature before being reused in the laser so that the chemical reaction

rate will be sufficiently rapid.

Chemical trapping appears more attractive, particularly if KF is used
for the trap. In this system the gas mixture would flow over the KF and HF
would be absorbed into the KF to form a eutectic mixture. Figure IV.1-19 shows

the vapor pressure of HF versus temperature for the reactions,(]7)

KHF, (o) @ KF gy + HF|

9)

This data indicates that by lowering the gas from its fnitia]

temperature of ~ 650°C to 125-175°C, one should Tower the partial pressure
of HF to < 1 Torr. Thus, one reason for the attractiveness of this method
is the relative ease by which HF can be separated from the system. The

other principal reason is its compatibility with the prevalent method of

F2 production.
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. (18)

Fluorine is usually produced by the electrolysis of H However,

because the electrical conductivity of pure HF is too poor to perform

(18) 0f course, this

electrolysis, a eutectic mixture of KF-HF is used instead.
eutectic mixture is exactly what is formed in our chemical trap. Thus,
one can regenerate H, and F, by the electrolysis of the trap mixture itself.
This chemical trapping and reprocessing technique has the great
advantage of being based on a Tong established technology. Thus, developmental
work required for its implementation should be minimal since it is known to bé
a successful system. However, the technigue is not necessarily the optimum
technique for the reprocessing of HF. A typical value for the efficiency(1‘)
of this process is about 0.4 where the efficiency is defined as the energy released —
in the chemical reaction divided by the energy required to regenerate the
reactants.
It should be strongly emphasized that this is a large chemical plant.
For our parameters -~ 5.7 x 105 kg of HF are generated per day which means
~ 5.4 x 105 kg of F2 must be regenerated per day. As a comparison, the
largest fluorine plants in existence(14) generate ~ 5 x 103 kg per day of F,.

Thus, a small increase in reprocessing efficiency or basic laser chemical

efficiency would have a large effect on the system as a whole.
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The fact that vast quantities of HF must be recycled also strengthens
the arguments for our particular choice of parameters. Our decision to
operate at the maximum net efficiency happens to coincide with operating
at the maximum chemical efficiency. This, of course, minimizes the HF
production per joule of optical energy out. We also wanted to reduce the
repetition rate to as Tow a value as possible, primarily to relax the
requirements on the energy storage systems. However, since the HF production
rate is directly proportional to the pulse rate for a fixed laser output |
energy, reducing the pulse rate also reduces the amount of HF to be
reprocessed. As pointed out above a low repetition rate also ameliorates
the problems of post-detonation effects by allowing more time for their

suppression.

Thus, we can conclude that, although large quantities of gas must be
handled, there appear to be no technological limitations particularly in
Tight of the vast experience of the fluorine industry. Our choices of
maximum chemical efficiency, hydrogen-Tean mixtures, and low repetition
rates help minimize potential gas handling problems. One question that has
not been addressed but which could seriously affect the economics of the

system is the absolute cost of the chemical reprocessing system,
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IV.1.F. The Electron Beam Driver

IV.1.F-1. IntrodUctioh

Although the HF chemical laser is pumped by a chemical reaction, the
reaction itself must be triggered by an external energy source. Several types
of sources can be used to initiate the reaction,but the most appropriate
and efficient source for our purposes is the electron beam. The purpose of
the e-beam is to dissociate the F2 and/or H2 into atoms,fhereby initiating
the F + Hy > HF + H and H + F2 -+ HF + F reactions. Electron beam initiation is
advantageous because it is possible to deposit a large amount of energy in the gas
in a very short time. This means that the atomic production rate and therefore the
chemical reaction rate will be as high as possible for a given pressure.

This in turn results in the shortest laser pulse width allowable. In
addition the e-beam energy can be deposited relatively uniformly, resulting
in a uniform burn which is essential for high beam quality. |

The most practical configuration for our design is to have two electron
beams irradiate the cell from opposite sides (see Fig. IV.1-7). Although there
are probably more optimum configurations for the e-beam jtself (such as using»
a radial diode), the two-sided scheme allows ample room for both optics and
gas flow (which a radial diode does not). In addition, with this configuration
the self-induced magnetic fields of the opposing beams cancel, minimizing
any pinching of the beams. A final advantage is that the variation of eneray
deposition across the cavity is such that the sum of the two beams results
in relatively uniform energy deposition.

IV.1.F-2. Electron Beam Design

For our particular mixture,the basic electrical efficiency (laser
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energy out divided by the energy deposited in the gas) is 0.6. Using the
data of Fig. IV.1-2 and 3 indicates that depositing a total of 167 kJ
in the gas should give an optical output of 100 kJ. This assumes each

2 (30 x 100), but for reasons discussed in

diode had an area of 3000 cm
Sec. IV.1.C the final diode area is 3468 cm2 (34 x 102). Assuming that
the e-beam energy density must remain the same,the total energy deposition
required for the final parameters is 193 kJ. Thus, the electrical
efficiency drops from 0.6 to 0.53.

Figure IV.1-20 gives the energy that must be handled by each of the
various stages in the e-beam and the approximate conversion efficiency
between stages. The energy that must be stored in each Marx generator is about
170 kd. This is quite large for a single Marx generator but is still within
state-of-the-art, (19)

The operating voltage of the diode can be determined by examining the
electron range in the gas. For our gas mixture, the majority of the
electron beam energy is deposited in the first seven-tenths of its
range. Therefore, the voltage should be chosen so that seven-tenths
of the range equals the cavity width (~ 102 cm). Since the range of the
electrons has not been measured for our specific mixture, we estimated the
range from data in Ar. This should be similar because of the high
concentration of F, in our system which has a mass and atomic number comparable to
that of Ar. For Ar the range of a 2.0 MeV electron is ~ 10] cm, Thus, the
desired diode voltage is approximately 2.0 MV. It follows that the

pulse-forming line (PFL) must be charged to 4 MV by the Marx generator.
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Electron Beam Eneégy‘ Flow
(Two E-Beams Per Amplifier)

Energy (kJ)

Transfer Per | Per
Component Efficiency Amplifier E-Beam
Charging Supply 350 175
0.95
Marx Generator 335 170
0.9
v/
Pulse Forming Lines 300 150
0.9
, A\ 74
Diode 270 135
0.5-0.7
N
Gas 190 95
0.53
\
Laser Energy 100

Figure IV.1-20
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The pulse width must be short enough to meet laser require-
ments but still be compatible with our "near-tem" technology criteria.
A 20-nsec (FWHM) trapezoidal pulse (10 nsec at peak, 30 nsec at base)
is within state-of-the-art techno]ogy(zo) and appears adequate with
respect to the laser criteria.(7)

Knowing the energy, voltage and pulse width of the e-beam, one can

approximate the current from the relation

which yields 3.4 MA for our parameters. This corresponds to a current

density of - 1 kA/cm2.

Ideally the deposition of the e-beam energy should be as uniform as
possible. Although sufficient uniformity may prove difficult to obtain,
our particular choice of e-beam parameters and configuration will help
to maximize the uniformity of deposition. For example, our choice of
electron range results in a deposition profile such that two opposing
beams combine to give relatively uniform energy deposition across the

cavity.(Z])

In addition, the self-induced magnetic fields of the two
beams will cancel which will minimize any pinching of the beams in the
cavity itself.

There are two additional effects related to the e-beam propagation

that must be considered. One is the scattering of the electrons by the
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gas into the quartz windows which will result in their optical degradation.
The other problem is the pinching of the e-beams due to the self-induced
magnetic field in the diode. The scattering problem can be eliminated
by applying a magnetic field to confine the electrons to the cavity and thereby
keeping them from striking the windows. The pinching prbb]em can be splved
by applying an external magnetic field, increasing the number of diodes,
or a combination of the two.

To examine the scattering problem in greater detail, the magnetic
field required to protect the windows has been estimated(]]) to be about
6 kG. This value was obtained by rough extrapolation from the results
from another case (a 0.5 kG field was found sufficient to control a
70 cm diameter e-beam operating at a voltage of 0.3 MeV over a distance

of 40 ¢cm in a 1 atm mixture of 70% He and 30% F2).(22)

The exact scaling
Taws that should be applied are not precisely known so that the final
answer was increased by 50% as a safety factor.

To establish this field will require the expenditure of considerable
energy. To help estimate this, the energy contained in the entire
field which results in a 6 kG fie}d in the cavity and diodes has been
ca1cu1ated(7) to be 115 kJ. . The problem becomes one of designing a system
that minimizes the cost of establishing this field. One cannot economically

run a normal magnet continuously because of the 12R losses, but it may be

possible to use pulsed magnetic fields and recover as much as 50% of the energy by
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alternately charging the bank in opposite directions. A better approach
may be to use a continuously-running, superconducting magnet.
Once operating, the only energy cost is the removal of heat - a cost
that can be made as low as desirable by adding sufficient insulation,
However, until a detailed estimate of the energy cost of the super-
conducting magnet can be made, we will assume about one-half of the
total energy in the field is lost per laser pulse or about 60 kJ.

Turning to the problem of pinching in the diode, the e-beam will
pinch if the current in the beam exceeds the critical current which is
defined as the current which induces a self-magnetic field with a strength

such that the electron's Larmor radius equals the diode anode-cathode gap spacing.

The critical current can be calculated using the re1ation(23)
- 8.5(By) (2
Ie T %L

where By is the relativistic factor, 2 is the length of the diode,

and d is the diode gap spacing. For our parameters the critical current

is 510 kA. Since our total current (3.4 MA) exceeds this value, we

would expect pinching to occur. This pinching can be prevented by

either increasing the number of diodes or by applying an external

magnetic field to cancel the effects of the self-induced field. Increasing the
number of diodes can prevent pinching because it magnetically isolates sections

of the current and thereby reduces the self-induced magnetic field. For
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our parameters a minimum of seven diodes would be required to eliminate
pinching in the diodes by this method. In order to prevent
pinching by applying an external magnetic field, the aﬁp]ied field
must equal the self-induced field in order for the effects to cancel. Therefore, the
fields must be of equal strenath. If only a sinale diode were used a field of - |
23 kG would be required to cancel the self-induced field effects.(]1)
For our design we decided to use a combination of these two methods.
To prevent the scattering of electrons into the windows we have already
applied a field of 6 kG which must also be present in the diodes. To take
advantage of this we chose to increase the number of diodes such that the
self-induced field effects are just cancelled by the 6 kG field. By using 4
diodes the self-induced field decreases to about 5.7 kG and is approximately
equal to the 6 kG applied field. Thus, the use of 4 diodes should prevent
pinching in our design. With these two modifications, the e-beam energy
should be deposited relatively uniformly across the cavity, although
detailed electron transport calculations should be performed to verify
this.
Each of the four diodes will be 8.5 x 102 cm, carry a current of
850 kA, and have an impedance of 2.4 Q. We have initially chosen to use
water-insulated-strip lines for the pulse forming lines (PFL). A

Schematic(21)

of these are shown in Fig. IV.1-21. In order to accommodate
the geometry, we have incorporated both a section of the PFL which acts

as an intermediate storage capacitor and a vacuum transmission line.
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The intermediate store if actually present would introduce an additional
energy transfer inefficiency of about 0.95 that must be included in the
overall e-beam efficiency. However, it is felt that an alternative
configuration could be designed which would eliminate the need for an
intermediate store.(21)

The number of switch channels required in our system could vary from
about 40 to 80. At present, the most suitable switches appear to be high-
pressure, gas spark gaps. Liquid-dielectric spark gaps would be more compact
and have lower inductances but the mechanical stresses induced by the shock
waves generated in the gap will probably be intolerable in a high-repetition-

rate device.(24)

Unfortunately, state-of-the-art spark gaps do not meet our
requirements but it is not unreasonable to assume that such gaps can be
developed. Ideally one would Tike to use pressurized air as the dielectric
medium but use of the more expensive SF6 with a reprocessing system may prove
essential.

Each Marx generator must store 170 kJ at 4 MV. The vo]ume(21)
required for such a capacitor bank is roughly a box 2.3 x 2.3 x 6.6 meters.
The 0il insulated tank to house these capacitors will be about 3 x 3 x 9
meters. A schematic of the e-beam system(Z]) with these dimensions.
(sans the external magnetic field coils) is shown in Fig. IV.]-Zé. The
exact shape of the Marx generator can be varied providing that the volume

is kept constant.
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IV.1.F-3. Electron Beam Foils

The e-beam foils constitute a very critical component of the e-beam
device. The foil is necessary to isolate the high pressure of the laser
gas (in our case 4000 Torr ambient plus 14,400 Torr shock) from the hard vacuum
(~ 10'6 Torr) required in the diode. Thus, the foil must stand off this pressure
differential without leakage or significantly deforming, To meet this
criterion the foil should be as thick as possible. A second requirement,
however, is that the e-beam energy deposited in the foil should be minimized;
This implies that the foil should be as thin as possible. Thus, one must
compromise between strength and energy loss in the foil. As a result, foils
are typically 25 to 50 um thick. The HF laser system imposes a third criterion
in that the foil must be corrosion resistant to F2 and HF. This, for
example, eliminates titanium from consideration although it is otherwise
one of the best choices.

In choosing a foil material, one would like, in general, to have as low
an atomic number, Z, as possible. This is because the energy
deposition increases with Z, the bremsstrahlung losses increase with Z, and the
backscattered electrons increase with Z and all of these effects are detrimental to
foil performance. One harmful effect that decreases with increasing Z is radiation
damage of the foil by the e-beam. The extent of damage depends on the atomic
recoil energy and for a given electron energy, the recoil energy will drop
below the damage threshold if the Z is sufficiently high.(zs) These radiation
damage effects can be minimized, however, by operating at a temperature
(26)

< 0.3 of the melting point. Preliminary examination indicates that

effects that drive one to lTow Z materials will dominate.
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Materials that appear to best meet our requirements are nickel
and stainless steel. Nickel is probably preferable with respect to
corrosion, but stainless steel is stronger. One problem that has not been
addressed is the immunity of these materials to corrosion under cyclic
stress conditions. The possible difficulties lie in the fact that the corrosion
resistance is attained by the formation of a hard, impermeable fluorine
compound on the outer surface of the material. It is possible that the
constant temperature fluctuations will result in the cracking or flaking
of this protective coating which would allow further corrosion to take place,

The fraction of energy that will be deposited in the foil can be
calculated from the range of the electron in a given foil material. Assuming
the foil is iron (Fe) the range of 2 MV electrons is ~ 0.17 cm. For a
typical foil that is 50-um thick, this corresponds to about 3% of an electron
range. Thus, the energy deposited(21) is about 6 or 7% of the total energy
or ~ 2.5 J/cmz. From this, the instantaneous temperature rise was estimated
to be about 100°C. This will induce stresses in the foil that will seriously
Timit the foil 1ifetime, although the heat itself can probably be readily
removed.

Because of the large surface area the foil must be supported by a
habachi structure. The structures can be composed of tubes through
which water could flow to provide cooling. It may also be possible to control
the e-beam trajectories such that they pass primarily between the support

structure to minimize e-beam absorption in the supports. One
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relies then on scattering in the gas to distribute the energy unifoymly
across the cavity.

IV.1.F-4, Lifetimes and Reliabilities of the E]ectron Beams

In the SOLASE study(1) we found that the projected 1ifetimes and reli-
abilities of energy storage systems were severely inadequate for reactor
applications, Unfortunately, these problems also exist for the e-beam accelerators
discussed here. Except for the examination of e-beam foils, we have not sig-
nificantly extended the SOLASE studies in this particular area.

Howeyver, it is beneficial to point out specific differences between
the e-beam accelerators to be used to drive the HF laser and electrical energy
storage systems to be used by other lasers. These differences were mentioned
previously and include lower energy storage requirements per joule of laser
output and shorter delivery time in the HF laser system. The first results
in smaller storage systems for a given laser output resulting in lower costs
and higher reliability. Shorter pulse durations are technologically more
difficult to obtain but this design is still within the state-of-the-art.(20)
Also in:comparing specifically the SOLASE and hybrid design the pulse
repetition rate was reduced from 20 Hz to 4 Hz. This has the effect of
extending the "lifetime" of components such as capacitors and switches, which
are rated for a specific number of shots, by a factor of five and reducing
vacuum system and cooling requirements.

Because of the problems associated with electrostatic storage systems,
we briefly examined alternative energy storage devices. Homo-polar generators
are inexpensive and have high energy densities but the transfer times are

(27)

limited to > 1 msec. This is much too long to be of practical use for laser
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systems considered today. If a suitable laser could be found that can be

pumped in a millisecond ' at Tow voltage, this would be an idea] energy storage de-
vice, Another type of system is inductive Storage. These devices apparently
would cost more than homo-polar generators but not as much as electro-

(27)

static systems. Their operating parameters are more appropriate, however,
to ICF Tasers than homo-polar devices. The main problem with them is the
lack of a non-destructive opening switch which currently limits their use-
fulness in high-repetition-rate systems.

Thus, we conclude that whatever form of energy storage one chooses,
considerable research and development will be required to develop a

practical, economic system for an ICF reactor.

IV.1.G. Efficiency of the HF Laser System

One of the most important parameters of the Taser system is the net
efficiency of the laser. This efficiency includes all of the energy costs of
running the laser. It is this efficiency that largely determines the
economics of the ICF reactor.

The net efficiency can be defined as

Laser Energy (EL)
n= E(e-beam)+E(B-fieTd)+E{chemical)+E(gas flow)+E(other)

This expression can be inverted and separated for easier evaluation. This

yields:

E(B-field)
EL

...

or
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1 1 ]
n ~ nle-beam) * ATB-FieTd) ¥

LI

We will calculate each independently, This also has the advantage of
separating the high grade energy (such as the e-beams) which seriously
affects reliability from Tow grade energy (such as gas-handling pumps) which

is assumed to be reliable.

The e-beam efficiency was discussed in Section IV.1.F-2 and is
summariied in Table IV.1-5. The final wall-plug efficiency of the e-beam
is n(e-beém) = 0.28.

The efficiency of the magnetic field required to prevent pinching of
the e-beams and scattering of the e-beam to the windows was discussed in
Section IV.1.F-2 and is also summarized in Table IV.1-5. The final efficiency
of this was found to be n(B-field) = 1.66.

The factors that make up the chemical efficiency have been discussed
individually but not combined until now. These include the basic chemical
efficiency (laser energy divided by the energy released by the chemical
reaction), the efficiency of regeneration of the gases, and a volume
efficiency since the fuel mixture will se somewhat larger than the cavity
volume. These efficiencies are surmarized in Table IV.1-5 and the net
chemical efficiency is found to be n(chemical) = 0.04.

The energy required to flow the gas has not been calculated previously.
We will make three assumptions: that the buffer zone is equal to the fuel
zone in volume, that the Hy must be introduced at a pressure of 14,400 Torr
to prevent propagation of reaction products upstream, and that the
AP of the F2-02 mixture is 350 Torr. Using a technique described by TRW,(]4)
the power requirement can be related to the mass flow (m), the pressure ratio

(P2/P1), the compression efficiency (n) and the type of gas. The re1ation(14) is
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Table IV.1-5

Efficiency of the HF Laser

LN I NN DU N
n(total) = n(e-beam) " n(B-field) ' n{chemical) ' n(gas Flow) ' n(other)

E ‘ .y _ -
_ L E(deposited) . E(e-beam E(Marx
n(e-beam) = E(deposited] * ~E{e-beam) X “E(Marx] * E(wali piug}

0.53 x 0.7 x 0.8 x 0.95 = 0.28

H

E
n(B-Field) = prp—roray = 130 = 1,66
- EL E(exothermic) volume laser cell

n(chemical) E{exothermic) * E{regenerated chemicals) * vVolume of HymFom0,

i

0.11 x 0.40 x 0.90 = 0.04

E 100 _

n(gas flow) = E(gas flow) 59 1.7

n{other) >> 1 (assumed negligible)

n(total) = 0.027



T‘?PE)_: (IR VI (VA SV S
n
where P is the power and RT]is the product of the gas constant and pump
inlet temperature. This function has been calculated by TRW and a graph
of it appears in Ref. 12. Assuming a temperature of 300%K and a compressor

efficiency of 83% yields

|

- joules/sec
- = 3000 f(y, PZ/Pl) moles/sec

3

In our system the pressure ratios are 3.5 and 1.1 for H, and F2-02,

respectively. The corresponding f values are 1.5 and 0.1. For each pulse

one must pump 2.1 moles of H, and 166 moles of F»-0,. Substituting

into the above relations one finds that it takes 9.3 and 49.7 kJ/pulse to

flow the H, and F2-02, respectively. Note that even though the H2 has

a much higher AP, the F2—02 mixture is the major contributor to the pumping power
requirements. The total energy required is 59 kJ/pulse so that the

efficiency is 1.7.

There are a number of other recirculating power costs that must be
accounted for in a realistic system. These include the coo]fng of the optics,
the cooling of the e-beam components, and the pressurizing and flowing of
the dielectrics in the spark gaps. These and other costs should be
negligible compared to any of the above so that we have not attempted to
assign specific values to these.

The net efficiency of the laser can now be estimated. Summing the
reciprocals of the individual efficiencies yields an overall efficiency of

3.37%. A final factor to be included is the efficiency of delivering the
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laser energy to the target. We estimated that only 80% of the energy is
ultimately focusable on the target. This includes effects such as im-
perfect beam quality, absorption by the mirrors, misalignment, and wavefront
distortions. This effectively reduces the efficiency to 2.7%. Of course,
increasing the fraction of focusable energy would make considerable
impact on the net efficiency.

The major contributor to the overall efficiency of the HF laser is the chemical
efficiency. Thus, the only way to make a major impact on the net
efficiency is to substantially improve the chemical processes, The basic
chemical efficiency [EL/E (exothermic)] can probably be improved by a further
decrease in the hydrogen partial pressure providing the trend of Fig. IV.1-2
continues. (It should also be noted that the chemical efficiency in Fig. IV, 1-2
is a conservative estimate and may be as much as 50% higher.)(]]) The
electrical efficiency is dropping rapidly in this region, however, and
this could offset any gain in chemical efficiency. The other factor is the
regeneration efficiency. It may be possible to improve the state-of-the-art
regeneration process by discovery of a catalyst, for example. Of course,
one cannot assume such a process until it is actually developed.

Finally, we will examine the requirements of the HF laser with respect
to high-and Tow-quality energy. We feel that high-quality energy is represented
only in the e-beam drivers and related external magnetic field supply.
Thus, on a per pulse basis, our 2 MJ HF laser requires 51 MJ of low-quality
energy but only 8.4 MJ of high-quality energy. Since it is the high-quality
energy that seriously affects the reliability of the laser, this is a great
advantage that the HF laser has over other lasers which have ]ower'électriééi

efficiencies and, therefore, a greater reliance on high-quality energy.,
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IV.1.H. Summary and Conc]usionsIJ 8Q

In order to assess the potential of the HF chemical laser as an ICF driver,
we completed a detailed conceptual design of an HF laser. In particular, we
designed a laser whose performance characteristics are compatible with the
hybrid reactor discussed in Part II. Table IV.1-6 1ists many of the specific
laser parameters. In addition, we examined the impact on overall laser
performance if certain parameters were varied from the specific values chosen,
This helps give a more complete picture of the HF laser.

In general, we found the HF laser to be a very attractive ICF laser
candidate. The principal questions appear not to concern the feasibility of
building such an HF laser, but whether the laser-performance characteristics
will be compatible with requirements ultimately dictated by the laser-pellet
physics - in particular, pulse width, wavelength and efficiency requirements.
Of course, there still remain questions to be answered concerning the physics
and technology required for the development of an HF laser for ICF app1icatioﬁs.
Below we discuss briefly the principal advantages and disadvantages of the HF
laser, the more critical extrapolations we made in our design, and the
technological advances we postulated.

Probably the two most important characteristics of HF that could affect
jts viability as an ICF laser are its wavelength and pulse width. The laser
actually lases on a number of transitions whose wavelengths vary from
~ 2.6 to 3.5 um. Because of the multiple wavelength nature, it is very
difficult to conceive of an efficient process for wavelength doubling. Thus,

3.0 um light must be suitable for imploding a pellet if HF is to be a viable
ICF laser.
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Table IV.1-6

The HF Laser Parameters

TOTAL LASER ENERGY

ENERGY ON TARGET

PEAK POWER ON TARGET

PULSE WIDTH

NET LASER EFFICIENCY
ELECTRICAL EFFICIENCY
CHEMICAL EFFICIENCY

PULSE REPETITION FREQUENCY

NUMBER OF FINAL AMPLIFIERS
LASER ENERGY PER AMPLIFIER
OPTICAL APERTURE

CAVITY LENGTH

TOTAL PRESSURE

F2/02/H2 RATIO

CHEMICAL REACTION INITIATED BY ELECTRON BEAM

ELECTRON BEAM VOLTAGE
ELECTRON BEAM PULSE WIDTH

LASER ENERGY EXTRACTION

NUMBER OF BEAMS EXTRACTED PER MULTI-

PASSED AMPLIFIER
TOTAL NUMBER OF LASER BEAMS

20

100 kJ

102 x 102 cm
34 cm

4000 Torr
3000/900/100

F + HyHF + H, Ho+ FoHF + F
2 MV
20-nsec (FWHM)

18 Multi-Passed Amplifiers
2 Single-Passed Amplifiers

3
56
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Pulse width compatibility is a more involved question. Original thinking
was that the laser energy must be delivered in a pulse < 1 nsec (FWHM) but
new concepts appear to allow pulses of 1 to 3 nsec (FWHM). Unfortunately, the
natural-pulse width of HF is limited to ~ 10 to 15 nsec (FWHM). This forces one to
either extract a single pulse of desired length or a series of these pulses.

The first is very inefficient as much of the available energy is not utilized.

The latter is more efficient but can become complicated optically. In our
particular design we chose to generate a 3 nsec pulse by extracting

three beams from each amplifier during each pumping cycle. This required a

total of 56 individual beams each of which must be transported to the target.
This we feel is a manageable number. However, if the pulse width must be

reduced to 1 nsec or less the number of beams will triple if one still covers the
entire pulse. The practicality of handling 150 beams in a reactor environ-

ment must be seriously examined. Thus, the shorter the pulse width that

is required, the less suitable HF becomes. Conversely, if pulse widths of

10 to 20 nsec prove suitable for ICF, the HF laser becomes very attractive.

Laser pulse widths of 10 nsec have been seriously discussed recently for

(28)

megajoule-type Tasers. It should be pointed out that the number of beams

required is directly related to the total laser energy. The number of beams
fncreases with the laser energy (unless one assumes that the beams are
incredibly large in both size and energy). Thus, the number of beams required
will be large for any laser system although the need for multi-passing in-
creases the problem.

Another important parameter is the net efficiency of the laser which
largely determines the economics of the reactor. For a pure laser-fusion

reactor the exact efficiency required is determined by an energy balance
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between the pellet gain, the recirculating power fraction, the laser efficiency,

and the net plant efficiency. The situation is complicated in the hybrid
because of the energy gain in the blanket and the fissile fuel produced. In
addition, there may be a minimum efficiency required which is dictated by
the absolute cost of the laser system,

For our particular parameters the efficiency of the HF laser is - 2.7%.
This includes all significant recirculating power costs and the efficiency of
the beam transport to the target. This is respectabla in that very few
lasers will have net efficiencies exceeding this, but it is still question-
able whether it is sufficiently high. The projected efficiency required
for our hybrid is 2.6%, so that our HF laser appears to just satisfy this requirement.
(The 2.6% requirement is obtained from a relationship between the net plant
efficiency, the recirculating power fraction, the pellet gain, the average
blanket energy multiplication, and the laser efficiency. This is discussed in

detail in Part III.)

In addition to having a reasonable net efficiency, the HF laser is of
special interest because its wall-plug electrical efficiency is 24%. This
means that the energy storage system is considerably smaller per joule of
optical output than for any other laser currently being considered for ICF
applications. This should considerably reduce the capital and maintenance
costs which we found to be a serious problem in the SOLASE study.(]) Also, the
reliability of lower energy systems should be greater.

The penalty for having such a high electrical efficiency is that the
burden is shifted to the chemical-regeneration system. The HF laser has
such a high electrical efficiency because the laser is actually pumped by a
chemical reaction. This necessitates the reprocessing of the laser mixture.

On the positive side the chemical regeneration of H2 and Fo from HF is a well
established, reliable process that should be readily adapted to our system. On the

negative side the chemical processes are relatively inefficient
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and contribute most to the low net efficiency., The basic chemical efficiency
(laser energy out divided by chemical energy released) is 11% for our design
parameters and the gas regeneration efficiency 1is 40%. The former can
probably be increased by further reduction in the H2 partial pressure but
only at the cost of decreasing the electrical efficiency. The latter might
be increased by improving the chemical process - possibly by the discovery

of a suitable catalyst - but such a discovery cannot be relied upon.

Even so, tine chemical efficiency is not intolerably low unless the absolute

capital cost of the chemical plant is too high (~5 x 10° kg of HF must be
reprocessed per day).

A final area related to the efficiency which we have not examined in
detail is the efficiency of delivering the energy generated to the target.
We estimated 80% of the energy is ultimately focusable on target. Losses
result from poor beam quality, absorption by mirrors and windows, mis-
alignment, and wavefront distortions. One would like this efficiency to
be higher than 80% but it may be even Tower. This is a critical area that
must be examined thoroughly.

Another important issue with respect to HF lasers is gas handling.
Large volumes of explosive, corrosive gases must be handled. This could be
a distinct disadvantage. However, for our particular choice of parameters

the problems appear manageable. The principal advantage of our design
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parameters results from the choice of a hydrogen-lean mixture which yields
only modest temperature and pressure rises compared to more hydrogen-rich
mixtures. Thus, density gradients can be readily eliminated between pulses.
Also, materials problems should be minimal as there is vast experience in
handling these gases at moderate temperatures, although a special problem
area could be the e-beam foil which is subjected to considerable temperature
cycling that could promote corrosion. The modest over-pressures also reduce
pumping power requirements and the Tow repetition rate of 4 Hz allows ample
time to eliminate all shock waves and temperature gradients between pulses.
The Tow repetition rate also helps to minimize the volume of gas that must
be handled. Thus, the gas-handling problems for our parameters are
manageable. If one chose a hydrogen-rich mixture one must contend with
large over-pressures and very high temperatures which greatly increase

the gas-handling problems. Similarly, a significant increase in the repetition
rate increases problems by increasing the volume of gas that must be
recycled (for a constant laser output per pulse) and reducing the time
available for shock suppression.

The very high chemical energy densities available from an HF laser mixture,
although resulting in gas-handling problems, are also advantageous in that
they create high optical energy densities which allow very compact
systems. This is not only an advantage because of the smaller size, but also be-
cause it is ideal for multi-pass extraction which is essential for our design.
(The "pancake" configuration of the cavity allows a very high fraction of the

volume to be extracted compared to the CO2 laser in SOLASE,(]) for example.)
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However, the high-pressure and high-optical energies also mean that one is
operating near laser-induced gas-breakdown thresholds. If such breakdown
occurs in the cavity the propagation of the beam could be terminated.

The principl extrapolation in our design is simply our assumption
that the power amplifier behaves as predicted from data taken at laser energies of
only 0.1to 4 kJ. We feel reasonably confident that 100 kJ modules can be
built, the only question being the specific parameters. The other critical
assumption is that one can effectively extract energy by multi-passing.

This has not been verified experimentally, but such experiments are

already being p1anned.(11) A final assumption we made was that we do not get
laser-induced-gas breakdown for our parameters, although calculations indicate
that we are operating near threshold. Experiments must be performed to
investigate this problem before serious development can begin.

We postulate that the most critical advance in technology is long-lived,
reliable, low-cost, repetitively pulsed, e-beam machines. We feel that this
area requires considerable research and development before a practical e-beam
will exist. It should be emphasized that this problem is not limited to HF lasers
but is common to all potential ICF drivers.

Another postulated advance is the development of large, high-quality
optical windows for the power amplifiers. This will be a problem for most
lasers, but is particularly difficult for HF. This is because commercial

quartz has an absorption band at HF wavelengths and other
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more suitable materials, suchas sapphire, are very difficult to manufacture
in sufficiently large sizes. Fortunately, the absorption in quartz is not
inherent to the quartz, but is introduced by the formation of OH radicals in
the manufacturing process. It has been postulated that if D2 is used in place
of H, in the manufacturing process, then this absorption band can be eliminated, This
has not been demonstrated, but it does seem highly probable because special
manufacturing processes have already greatly reduced the amount of absorption, Thus,
we assumed that quartz can be used in our design, but this requires develop-
ment before it can be implemented. It should be pointed out that quartz can
be manufactured in sufficiently large sizes.

We also postulated a non-dispersive, large, 50/50 beamsplitter, .
These do not exist today, but attempts are now being made to develop one.(]]) This
is not an essential component of our design, but was introduced because it
results in a simpler design. Since an HF laser can be designed without
such beamsplitters, the development of them is not critical to the implementation
of our HF laser design.

To conclude, we found the HF laser to be a very attractive ICF laser
candidate. We found that, at least for our parameter range, the advantages
far outweigh the disadvantages. There is also a strong data base on relatively
high energy HF oscillators and amplifiers which gives us some confidence in
our extrapolations. The majority of the gas handling technology required
is well established. Optical problems appear solvable. The critical
technological problem appears to be in electrical energy storage which is
common to all ICF laser candidates. Thus, the principal question appears to be
whether the HF laser wavelength, pulse width, and efficiency will ultimately

prove compatible with the laser-pellet physics.
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IV.1. Appendix - Multiple Beam Extraction From an HF Amplifier

The HF laser, unfortunately, has a natural-pulse width that is much
Tonger than is currently thought desirable for laser fusion. In order to
generate a short pulse with high efficiency one is forced to extract the
energy in a series of short pulses and combine these on target in such a
way as to form a pulse of the desired shape (see Section IV.1.C.). This
requires that one be able to handle each beam independently. Since there

is no method of electrically or mechanically switching such large, high-

energy beams, one must pass each beam through the amplifier at a slightly different

angle and allow them to travel far enough that they physically separate.
allows one to handle the beams independently, but has the disadvantage in
that the entire available active volume is no longer extracted by each
beam. In this appendix we will calculate the volume fraction extracted
for our particular design.

Our HF laser design requires that we extract 3 beams from each of 18
final amplifiers. Each laser cavity has a square optical aperture, 102
cm on a side, and a length of 34 cm. We chose to extract all three beams
in the same plane because it results in simpler beam transport designs.
With this configuration one beam will pass straight through the
amplifier and can extract the entire available volume. The remaining
two beams will pass through at angles such that one will emerge just
above the central beam and one just below as shown in Fig. IV.1-23. Note

that passing these two beams at an angle will reduce the beam size

This

in only one dimension; the other dimension will remain the full size and one

can extract from the full width of the amplifier.
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Using geometrical arguments analogous to those used in SOLASE,(]) the
width of a beam passing through an amplifier at an angle, ¢, can be
approximated as

L

LS
Wy =77 ¢ - W,

where wb is the width of the beam, Na is the width of the amplifier, and
LS is the distance required between the input and output optics. These
parameters are illustrated in Fig. IV.1-23. It was also assumed in
deriving this equation that the beams must separate far enough to allow
room for optical support structure which was assumed to be 20% larger
than the beam itself.

The angle, ¢, in turn, can be approximated by the formula,

where La is the Tength of the amplifier. Substituting for ¢ in the first

equation yields,

Evaluating this expression for the specific parameters of our design (wa =
102 cn, La ~ 40 cm, and LS = 24 m) one obtains for wb a value of 98 cm.
Thus, the total area extracted by the beams that pass at an angle is

98 x 102 = 9996 cm2 which is very close to the desired ]04 cm2. Since

the volume extracted is directly proportional to the area, these two beams

will extract 96% of the volume available. The third beam which passes

straight through extracts 100% of the available volume.
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Comparing this system to that of SOLASE, one sees that a considerably
higher volume fraction is extracted in HF (96% compared to 59% for €0,)
while at the same time the distance required between input and output optics
is much Tess (24 m compared to 100 m for COZ)‘ This greatly improved per-
formance with HF is the result of the much higher optical gain in the HF
lTaser which results in very short amplifiers and because a more optimum
cavity configuration is permissible with HF (square as opposed to annular),

A final factor to consider in the HF design is whether or not sufficient
volume of the amplifier is covéred in each pass to suppress amplified spontaneous
emission (ASE). Covering 96% of the volume will probably be adequate but
if it is not one could either increase the volume covered by decreasing the
angle at which the beams pass through the amplifier or by running a bias beam
through the amplifier at all times. The former method is probably preferable
because it has the advantage of increasing the efficiency while suppressing the

ASE.
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IV.2 Optics and Beam Transport

IV.2.A. Beam Transport System for the HF Laser

IV.2.A-1. Introduction

The beam transport system has not been addressed in as much detail
as the HF laser itself. This is due partly to the fact that the hybrid
reactor study is not intended to result in a complete, fully integrated
design, and also because such critical areas as the electron beam design
were not optimized. Instead, we have designed a schematic beam transport
system to glean some general indications of the size and complexity of the
entire laser system. An optimized layout is not expected to differ
dramatically from that presented here.

We have chosen to study in detail two problem areas of particular
interest in the design of any laser fusion reactor beam transport system;
the design of a beam port reduction scheme to reduce neutron leakage from
the primary containment region, and the ~alculation of mirror damage
thresholds for the rather singular laser pulse shapes envisioned for
isentropic pellet implosion. Finally, we have collected a list of wave-
Tength dependent effects pertinent to the increase in wavelength to 4.0um
over the nominal 1.0 um SOLASE value. The present section is devoted to
describing the general features of the beam layout. |

IV.2.A-2, Optical Requirements of the HF Laser

The HF laser consists of a master oscillator, preamplifiers, and the
final power amplifiers. These have been discussed in detail in Sec. IV.1

and only those aspects relevant to the optics are discussed briefly below.
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There are two preamplifier chains; one producing a single, long pulse
and one from which three short pulses are extracted. The
single pulse must be split in two in order to drive 2 of the 20 final
amplifiers. Each of the 3 short pulses must be further divided into 18 equal
pulses in order to drive the remaining 18 amplifiers. Thus, there are
two final amplifiers from which a single beam is extracted and 18 from
which 3 beams are extracted,for a total of 56 beams. In order to
effectively extract 3 beams from a single amplifier, it is necessary to
pass the beams through the amplifiers at slightly different angles and allow
sufficient distance for them to physically separate. In our particular
system the distance between the input and output optics is 24 meters.

Each of these beams must be transported to the target with the appropriate
time delays so that when they are combined on the target, the result is a
pulse of the desired shape.

There are two principal extrapolations in the optics design. One is
the assumption that large quartz optics can be manufactured with sufficient]y
Tow absorption of the HF wavelengths. While conventional quartz has an
absorption band at these wavelengths, this absorption is introduced in the
manufacturing process and is not inherent to the quartz itself. Theoretically,
absokption can be eliminated by changing the fabrication process, but this
requires experimental verification. The other major extrapolation is the
assumed availability of large 50/50 beamsplitters for the HF wavelengths.
Although this problem is complicated by the multi-wavelength nature of the

HF laser, the development of such a beamsplitter appears feasible. It should
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be noted, however, that these beamsplitters were incorporated merely to
reduce the complexity of the design. Their development is therefore
not essential.

There are two optical components that must handle the high
energy beam: the quartz windows and bare metal mirrors. It is assumed
that diamond-turned mirrors will be available to take advantage of their
high refiectivity, high damage thresholds and lower cost. The aperture
size (102 x 102 cm) is dictated by the damage threshold of the quartz
window and is assumed to be a fairly conservative 10 J/cm2 for ourv12 nsec
pulse. However, after leaving the final amplifier the beam will be reduced
to 70 x 70 cm to take advantage of the higher damage threshold of the
bare metal mirrors.

IV.2.A-3. Beam Layout

As in SOLASE, it was decided to irradiate the target from only two
sides. Again, this decision was based on simplicity of design and not on
fundamental laser-pellet physics since ultimate illumination requirements
are not known at this time.

Similar to the SOLASE design, the amplifiers will all be housed in a
single building to one side of the reactor cavity. After some consideration,
it appears that one of the more practical arrangements for the final amplifiers
is to orient the electron beams vertically and place all the amplifiers 1in
a single Tine with the optical axes pointing toward the reactor building.

In this particular configuration each amplifier module is a 3 x 3 meter rectan-

gular box about 27 meters tall.
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There appears to be no fundamental reason why this configuration could not
be supported, but alternative horizontal arrangements can also be envisioned.
The shape of the Marx generators can also be varied to some extent, providing'
the total volume is kept constant. 1In placing the amplifiers side-by-side
in our design there is a 2 meter space between cavities which should provide

ample room for the gas handling equipment.

In addition to the amplifiers themselves, about 24 m
must be allowed for multi-passing. Thus, the building required
for our final amplifiers is about 65 m wide, 30 m deep and
30 m high. In addition, it will probably be desirable to place the front
end of the Taser in a room on top of the power amplifiers, making the building
another 5 to 10 m tall. Because the laser building is so large, it is
essential for economic reasons that it not be a primary containment structure.
However, because the electron beams will generate copious high energy X-rays

(up to 2 MeV), substantial shielding around the lasers must be provided.

Another requirement of the laser system is a chemical
reprocessing plant to allow recycling of the laser mixture. Because of
the large chemical potential energy in the form of F2 and H2 that will
be stored in the building, the ideal location for this plant is in a
separate building to the side of the Taser building opposite the
reactor. This Jocation will better isolate the chemical plant and the
reactor in the event of an accident. While no estimate has been made of the
size of this structure, it will probably be fairly large due to the

large volume of gas that must be continuously reprocessed.
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Having Taid out the laser system, we will now consider the actual
transport of the beam to the target. Each beam must first pass from the
laser building to the reactor building. Since we desire that only the
reactor building (and not the laser building) constitute a primary con-
tainment structure, the laser beam ports must penetrate primary containment,
In order to minimize the impact of this, we have suggested focusing the
beam to a "point" as it passes through the reactor wall. This would
minimize neutron and tritium leakage and facilitate installation of a safety
valve to close the port in the event of an accident. The optical require-
ments of this scheme are discussed in detail in Section IV.2.B.

After penetration of the reactor wall the beams must be directed to
the final focusing mirrors. Care must be taken to adjust the path
lengths such that all beams arrive at the target simultaneously.

Some bath Tength adjustments can be made in the front end with proper
timing of the firing of the amplifiers.

As stated above, the target will be illuminated from only two sides.
This requires placing 28 mirrors on opposite sides of the reactor cavity.
The mirrors will be arrayed in two vertical adjacent columns of 14 mirrors
each. These mirrors are located 22 meters from the target. The final turning
angle 1is 90°.

One illumination requirement we are imposing is that the irradiation
be symmetric in the sense the pellet should be irradiated equally from the

two opposing sides at all times. The simplest way to accomplish this
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is to have opposing mirrors face each other and deliver equal amounts of
energy in time. However, as discussed in the SOLASE design, this could prove
disastrous to the optics in the event that the laser pulse misses a

target and is transported back through the opposing amplifier chain.

Due to the compression of this beam and its further amplification by

residual gain in the amplifiers the beam intensity would eventually exceed
the optical damage threshold of the optical components causing intolerable
damage to the system. Thus, unless a good optical protection scheme can
guarantee the safety of the optics, this is not a viable last mirror
configuration. . However, the HF laser is particularly interesting,inasmuch as
it has a naturally occurring mechanism that will at least partially protect
the optics. The post-lasing HF amplifier

does not possess residual gain, but is instead strongly absorbing. Thus,

a returning pulse will not be amplified, but attenuated. In fact, there is a
period in which the medium is totally absorbing. If the path lengths could
be adjusted such that a returning pulse arrives at the amplifier during this
time, adequate protection would be assured. Unfortunately, the time for total
absorption is so short as to require impractically short path lengths.
However, even at much Tonger times the medium is stil] sufficiently

absorbing to greatly reduce the problem of returning light. This is a
distinct advantage the HF laser has over its competitors.

IV.2.A-4. Beam Transport Efficiency

The efficiency of the beam transport system is important because it
determines the fraction of the laser energy generated that can actually be
focused onto the target. This is a function of the beam quality, mirror

reflectivity, the number of mirrors, alignment errors, miscellaneous
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absorption, and wavefront dislocations. For our parameters, assuming

a state-of-the-art, 2 times diffraction limited beam (this can probably

be improved), over 95% of the energy can be focused onto a 1 mm spot. The
reflectivity of diamond-turned, bare-metal mirrors will be at least 99%.
Combining these two facts and assuming 1C mirrors subsequent to

final amplification, we find that 86% of the energy generated can

be focused onto the target. If we then assume that not more than 6% is lost
due to absorption, alignment and wavefront distortion errors, then

the final beam transport efficiency is about 80%. Obviously, one would like
to improve this value. This can be done by improving the beam quality,
increasing the mirror reflectivity and decreasing the number of mirrors and

windows required to deliver the beam to the target.
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IV.2.B. Beam Port Reduction Scheme

IV.2.B-1, Introduction

An inherent difficulty in designing a laser fusion reactor is the
excessive neutron leakage through the 1arge optical apertures in
the reactor cévity. For example, in the SOLASE desigé])over 104 cm2 of
‘ aperture area is required to keep the 1 MJ, 1 nsec laser pulses from damaging
the mirrors. Neutronics calculations reveal very high radiation levels
(~ 106 Rem/hr) even after two reflections back through the optical traingz )
Ample amounts of shielding have failed to substantially reduce these Tevels.
One approach to this problem entails locating the final mirrors a large
distance (50-100 m) from the tarqetﬁ3) However, this scheme poses difficult

@)

alignment problems.” ' In another design studySS)annular beams are reflected
via toric optics, a central reflector effectively plugging the aperture.

In this section we propose a beam port reduction scheme employing a
pair of parabolic reflectors to condense and recollimate an initially
Eo]]imaﬁéd beam. A pair of off-axis paraboloids reduces the wall penetration
to a small circular hole, as sketched in Fig. IV.2-1while a pair of parabolic
cylinders gives a line focus and a slot penetration, as depicted in Fig.IV.2-2.
Either of these configurations would dramatically reduce the neutron leakage
out of the primary containment volume. The point focus arrangement arose in
fusion design meetings at wisconsigz)and also independently at Livermoreﬂ3)
The line focus scheme was recently proposed by M. Monsler as a means of
avoiding gas breakdown, The present study is much more quantitative and
differs in several important respects from the design described in Ref. 3.

Most laser fusion reactor designs involve a low pressure (0.1 - 1.0 torr)
gas either in the form of Tithium vaporﬁ)or a buffer gas such as neon or xenong7)

As is well-known, gas breakdown will occur in the presence of high intensity

laser radiation{8) To this end we have calculated the irradiance in the focal
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plane of a circular and a cylindrical focusing element using Fraunhofer
diffraction theory. The resulting formulas are applied to a square aperture
typical of an HF laser and reflecting our emerging fusion-fission hybrid
" design, and also to the more familiar case of a circular beam.
Although the very high irradiance at a point focus is substantially
reduced by going to a Tine focus, the peak irradiance is still
large enough to cause gas breakdown at pressures on the order of one torr of
neon or xenon. |

Thus, using cylindrical mirrors doesn't really alleviate the breakdown:
problem and it is necessary to pump down the focal region to a low enough
pressure that negligible refractioég)and stimulated Raman scatteriné10)occur.
To accomplish this, it is desirable to enclose the mirrors in a vacuum chamber
and install quartz windows (in the case of HF) to admit the beams. Following

(11)

the example of the spatial filters installed in the SHIVA laser chains, "we

5 torr would more than suffice.

estimate that a pressure of 10~
Since evacuation is required in either case, one may ask whether a
1ine focus is preferable to a point focus. It may tgrn out to be more
difficult to align two mirrors at a common focal line than at a "point".
One clear advantage is cost; cylindrical mirrors are cheaper to make than
paraboloids. On the other hand, if it is desired to run the device as a
spatial filter, a point focus would be appropriate. We elect to leave this

s

cption open, as it doesn't affect the basic features of our design.
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We also consider briefly the possibility of a "fuzzy focus" system,
in which aberrations are deliberately introduced into a first
. reflector, producing a lower focal irradiance. The second collector
wdu]d hopefully compensate for these aberrations, producing a uhiform

collimated beam.

1V.2.B-2, Irradiance in the Focal Plane of a Paraboloid Mirror

This problem is formally the same as the well-known problem of
calculating the irradiance in the focal plane of an ideal converging lens.
Figure IV.2-3 depicts collimated Tight incident on an aperture and focused onto
the image plane at distance f along the optical axis 0-0'. The diffracted
wave for a rectangular aperture of dimensions 2a x 2b is given by the Fraunhofer

integraﬁ]z)

U(x,y) = C

O~

a .
I e1k(XE+yT1)/f dg dn , (])
-a

where (x,y) is the image point, (g,n) is a source point within the aperture

and k = 2n/X. The irradiance is then
1=y, (2)

Using Parseval's theorem or conservation of energy to determine the constant

C, we obtain the familiar result,

u = /PR sin(kxa/f) | sin(kyb/f) (3)
A kxa/f kyb/f

from which
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_ _PA
I = . (4)
max >\2f2

Here P = [/ U2 dx dy is the total beam power and A = 4ab is the aperture
area.
(13)

For our HF conceptual design, "X = 3 um, Pmax = 300 TW, and a = b = 70 cm.

Takihg f = 2m then gives

- 20 2
Imax =4 x 1077 W/em™
a very large irradiance indeed, far above the gas breakdown threshold of

12

~ 10 W/cm2 for ~ 1 torr of neon or xenon.

IV.2.B-3. Irradiance in the Focal Plane of a Parabolic Cylinder Mirror

This problem, formally identical to the cylindrical lens case, does
not seem to be treated in the standard literature, so we shall derive
it from basic principles.

IV.2.B-3-a. Rectangular Aperture

As convergence occurs only in one direction, say the y-direction, the
Fraunhofer integral becomes
b ikyn/f
U(y) =¢c [ e dn , (5)
-b
where we have assumed uniform irradiance on the aperture. This is a
Fourier integral,to which Parseval's theorem applies:
b
c? |
b

=L ] ey =P (6)
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Thus,

2 P
C° = 5pyF - | (7)

Carrying out the integral in Eq. (5), we obtain

. . . k
V) = /v S1Eéy3¥/f) ' (8)

The peak irradiance is therefore

Imax -

o

- | )

independent of area. In terms of the incident irradiance I  this takes the

dimensionless form

- b (A
Tax = 3 (X?) Iy (10)
Putting in numerical values we find

_ 15 2
Imax =5 x 707 Wem™ ,

This is still large enough to induce gas breakdown in 1 torr of neon or
xenor,.

IV.2.B-3-b. Circular Aperture

Figure IV.2-4 illustrates the formation of the line focus, from a circular
aperture of radius a. Since we are focusing in the y-direction only, we
need only consider rays originating in a particular y-z plane and identify

X = &. Rays from other &-values contribute only a little near-field Fresnel
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diffraction,which we neglect., From Fig. IV.2-4, the relevant Fraunhofer integral

is

a2-x2 .
Ulx,y) =€ | e1k”y/f‘dn
W
or

U(x,y) = ZCf sin (ky /az x2 ).

The Parseval relation is not applicable in this case so we must use

conservation of energy directly to determine C:

P=]] u? dx dy = (2Cf) f F(x) dx ,

where
F(x) = [ l—2—-sin2 (E%/az—xz ) dy
Q0 y
or
F(x) = T /a2

Carrying out the x-integration then gives

P = MAC? .

45D

(12)

" (13)

(14)

(18)

(16)
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Using'this’resu1t in Eq. (12) we obtain

A o
Sk = /E%; sin{(f va“-x“ ) i (17)

kya/f

from which
_4 A
Imax " E'(A?) Io : (18)

Figure IV.2-5 illustrates the irradiance I = U2 in the x-y plane. Note that the

central peak broadens as x -+ a, the first null being given by

yre 22— (19)
2a/i-x2/a2

Applying Eq. (18) to the Livermore conceptual desigSB)which calls for
16

Pmax = 500 TN; A’; 1.06 ym and f = 2m (say), we find Imax = 3.2 x ]Q

W/szn - e
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LINE FOCUS PRODUCED BY A CIRCULAR APERTURE
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Fig. IV.2-5 Fraunhofer diffraction pattern produced
by a circular aperture and a cylindrical
focusing element
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1vV.2.C. Schematic Design

Figure IV.2-6 is an overhead view of the proposed device. A 70 cm square
beam is assumed incident from the laser some meters distant. "After
striking flat F] it is turned through 45°, passing through a 2.5 cm thick
quartz window. The window must be thick enough to ensure tritium contain-
ment but thin enough to hold down nonlinear optical effects. The beam
is then simultaneously turned and focused by parabolic mirror P1 of 3.5 m
focal length, passing through the 2 m thick shielded primary containment
wall. The wall would be of structural concrete with additional shielding
placed behind flat F2. The port is tapered to a diameter of approximately
1 cm. A fast acting valve could be installed in the port throat to ensure
. tritium containment in case of window failure. Next the beam is turned
and reco]]imated by parabolic mirror P2, exiting from the vacuum chamber
through window W,. Finally, the beam is turned by flat F, and directed
to the reactor chamber some 20 m distant.

The entire region outlined in black and enclosing mirrors P] and Py

is evacuated to 10"5

torr to avoid breakdown at the (point or line) focus.
The region outside the chamber is at a pressure of about one torr.
* The beams would be enclosed in evacuated beam tubes (not shown) to main-
tain clean optical surfaces.

It should be noted that 45° turning mirrors have been used rather

than 90° mirrors. This choice is based on our studies of the imaging

properties of parabolic mirrors, which show that for the same tilt error
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much larger irradiance distortions occur at larger deflection angles.

Naturally space must be provided for rigid mirror mounts and automatic
alignment systems, Also note that quartz window w2 is not directly
exposed to the neutron flux from the reactor chamber located to the
right; This is an important feature of the design, since quartz is
vulnerable to Joss of transparency by neutron damage.

It would be very desirable to place beam reduction units closer to the
target chamber in order to limit the high neutron flux in the immediate
vicinity of the first wall and blanket. It seems fairly certain that an
evacuated system such as the one described above could not be so installed
due to the very short expected window Tifetimes under intense neutron-

bombardment.

Assuming a gas breakdown threshold of 1012 w/cmz, it is straight-
forward to show that a 10 cm focal radius would allow transmission of up
to 300 TW peak power without evacuation. A spot of this size could in
~principle be produced by employing nonparabolic surfaces to deliberately

induce aberrations in the focal region. Another possibility would be
to tilt the parabolic mirrors a prescribed amount, which would also spread
out the focal region. In both cases caustic formation would have to be
investigated.
In summary, we have presented a schematic design for a beam reduction
.dévice, similar to a conventional spatial filter except for the use of
reflective optics. Maintaining mirror alignment is expected to be difficult

but not unattainable. The vacuum requirements are modest. Probably the
Achilles' heel of this design is the optical response of the quartz windows

to neutrons and X-rays. We are currently engaged in a study of these effects

which will hopefully lead to a quantitative estimate of window lifetimes.
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IV.2.D. Mirror Damage Thresholds for Laser Fusion Temporal Pulse Shapes

IV.2.D-1. Introduction

The maximum allowable energy density (J/cmz) incident on bare
metal mirrors is usualiy thought to be Timited by surface melting
under intense laser radiation. The damage threshold has been calcu-
lated analytically for (temporally) square pu]segl)using classical one-
dimensional thermodynamicsfz) Numerical computations have also been
performeé3)for an asymmetric model pulse typical of saturated operation
of a higH-power 002 laser.

In this section we calculate damage thresholds for two pulse shapes
relevant to laser fusion: the truncated Gaussian, and the semi-empirical
"ideal" pulse designed to produce isentropic compression of spherical

@)

targets.” * A Gaussian pulse is characteristic of Nd : glass lasers
operated below saturation, whereas the steeply rising ideal pulse would
have to be produced by a device such as a pulse-stacker. The result for
Gaussian pulses is reduced to a simple integral equation, while the
ideal pulse threshold is given in completely closed form.

Although the emphasis here is on jllumination of metallic
surfaces, the results apply to any surface for which the depth of
the heated zone is small compared to the beam radius, and the pulse
width is Tong enough that a local temperature may be defined. It may
be shown that radiation losses are almost always negligible in

cases of practical interest.a )we shall also ignore the small variation

in thermal parameters with temperature.
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IV.2.D-2. Square Pulse

Assuming zero penetration depth, the surface temperature rise for arbitrary

flux I(t) WIcm2 incident on a semi-infinite medium i§!)
ot = LR (9172 ) (1)

where K is the thermal conductivity, k = K/pcp is the thermal diffusivity,

R is the reflectivity and

F(t) = } I(t-t') ——93472? i (2)
0 (t')

We are interested here in the maximum surface temperature rise:

ATmax - AFmax ? (3)

where

p= LR (172 (4)
For a square pulse of magnitude I0 and width t the solution of
Eq. (1) is well known:
aT=2n 1 tV2 ¢ <n (5)

The damage threshold is customarily expressed in terms of the energy density,
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t
o= [ I(t')dt! = I, t. (6)
. 0

Combining Eqs. (5) and (6) we arrive at the critical energy density for

surface melting,

* T T
¢=(%°hV2, (7)

where T and T are the initial and melting temperatures,

IV.2.D-3. Gaussian Pulse

Consider a Gaussian pulse of maximum intensity I0 and total width

2T, with origin at the leading edge, as indicated in Fig.IV.2-7:

I(t) = I, exp [-a°(t - ©)7) . ®
- Then-

F(t) = 1, z exp [-a% (t - t' - )% (¢ 2atr (o)
or

F() = 1 (on)/2 F emlelizu)idu (10)

/2
o (y-u)'/
where y = at, Y = at and u = a(t-t'). Integrating by parts, we obtain

Ft) = 2 1) /2 8lph) (1)

Y
wWith
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172 2
Gly,Y) = y'/e"y v 27 (V-u) (y-u)/? exp [-(y-u)2ldu . (12)
0

Figure IV.2-8 depicts the function GY']/2 for Y =1, V2, /3 and 2, Y2 corresponding
to the number of e-foldings at the pulse edge. The decrease in Tmax with
increasing Y is primarily due to the decrease in area (energy). Figure IV.2-9 depicts
the same function for Y = 1, 2, 4 and 8, illustrating the rather slow decay
in temperature for large Y. |
The scaled time at which the maximum temperature occurs is given by

solving 3G/3y = 0 for y. This leads to the equation

Y e
[ ve dv. _ e (13)
Y

to be solved for y =y - Y. As Y > =, this reduces to
I 2
Y-y :
poye dv g, (14)
~e (y-v)

We have not found'ana1ytic solutions to Egs. (13) or (14). Numerically

obtained values of y and Grax @re shown in Fig. IV.2-10 as functions of Y.

X
Convergence is seen to be quite rapid, the Timiting values being

Lim y = 0.5409
Lim 6 __ = 1.0760 . (15)

It is of interest to compare the damage threshold for a truncated
Gaussian pulse with that for a square pulse of equal peak power and total

width equal to the FWHM (Fig. IV.2-7). The total energy is then equal to
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Scaled temperature-time histories for larger
Y-values.
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Figure IV.2-10 Location and magnitude of the maximum of G(y,Y)
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within 2% for a two e-folding Gaussian (Y = YZ). In general,
T 1/2I

P 2,2v4 - ol
9 =21 [exp (-a°t*)dt = —y—erf(Y) . (16)
0 .

Combining Egs. (3), (11) and (16) gives

AT 1720 11/ 2eps(y)
¢ = ( ) N V-l 17
-me ' Y Gmax ( )

Substituting for the FWHM,

1/2
e - ()2 . (18)
yields
ot - w]/zerf(Y) o, (]9)
G (ln16)1/17 SP
max

where ¢:D is the square pulse threshold, Eq. (7), with t = T2 Taking
Y = /7 in Eq. (19), we find

& =1.22 @: (20)

b -
This 20% energy dividend is primarily due to the fact that the surface

temperature reaches its maximum somewhat before the end of the pulse;

any energy transmitted after this time cannot contribute to surface damage.

Damage threshold experiments using Gaussian pulses should, therefore,

be compared with a theoretical value about 20% higher than the square pulse

value.
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IV.2,D-4. "Ideal" Isentropic Pulse

A great deal of numerical simulation has been done using the steeply

(4)

rising pulse form
I(t) = 1,01 - t/t)) 2, 0<t <t <ty (21)

to obtain isentropic compression of spherical laser fusion targets,
It should be noted that this semi-empirical pulse shape differs from

(5)

Kidder's theoretical form,” in which the quantity t/t] is squared.

As Fig. IV.2-1¥11lustrates, Io now denotes the initial irradiance, the peak

value being

Inax = 1o (1 =72, (22)

where n = T/t]. The energy density and peak intensity are related by'

¢ = ImaX (1 -n). (23)
Thus,
- 0
MaXx

The integral in Eq. (2) may be carried out, with the result
1/2
It _ : _ 1/2
F(t) = 29_1337?-[sin 1y]/2.+ yllz (1 -y")'/ 1 (25)
1-y

where y = t/t]. Thus, the temperature rise is monotonically increasing,

reaching the maximum

1/2
= 1/2 3 -1 1/2
Fmax = Imax T fe + (TTE Cos € 1., (26)
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ISENTROPIC PULSE SHAPE

|

Figure 1V.2-11 Idea1 isentropic compression pulse. An atypical
9 value of ¢ = 8 25 has been chosen far clarity.
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where
e=1-n-¢= =<1, (27)
max
at the end of the pulse. Typical reactor conditions are a total energy

15

E = 106 J, peak power Pmax =107 Wand T = 40 nseéaz giving € = 0,025,

(Note that <I>/Imax = E/Pmax’ independent of the shape of the spatial profile
and the aperture area.) Taylor expanding Eq. (26) in powers of e we
find

~ T 1/2
Frax ~ 7 Inax (€7) . (28)

Combining Egs. (3), (23) and (28), we obtain the damage threshold
o = —?ﬁ? (eT) 2 (29)
This result may be compared with the square pulse threshold by
defining an effective pulse width such that I

max Teff = &, Then

Toff = €T and Eq. (29) may be written

*_ 4
¢ =0 (30)

sp
Measured in this way, about 27% more energy may be safely handled using
the ideal pulse. Due to the complicated pulse shape the physical reason
for this increase is not obvious. One can only say that the slowly rising
jnitial portion of the pulse dominates the rapidly rising final portion.

In conclusion, we have found rather modest enhancements of damage thresholds
over the square pulse value for two pulse shapes commonly encountered in

laser fusion.
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V.1 Engineering Design Considerations for a Laser Driven, Direct
Enrichment Hybrid Reéactor

V.1.A. General Description

A schematic diagram of the SOLASE-H cavity is shown in Fig. V.1-1, The
cavity is an upright circular cylinder 6 m in radius and 12 m high. The
end caps are spherical segments, 6 m in radius and 1 m high so that the
overall height of the cavity along the central axis is 14 m (Fig. V.1-1).
Zircaloy-4 is used as structural material throughout the blanket in order
to be compatible with the cladding of the PWR fuel rods to be directly
enriched in SOLASE-H.

As can be seen from Fig. V,1-1, the SOLASE-H blanket is divided into
two regions, viz., the cylindrical region where the fissile fuel is
bred and the spherical end caps where most of the tritium is bred.

Each region will be discussed separately.

The first wall in the cylindrical blanket region consists of 0.2 cm
thick hemispherical scallops, 21 cm wide, running the full length of the
cylinder. Each scallop subtends 2° of circumference and makes up one
side of a 47.5 cm thick cell of the cylindrical blanket. Each scallop
is welded along with the adjacent one to a single strut, 0.3 cm thick
-which, in turn, is welded to the main back plate as shown in Fig. V.1-2.
Each cell is, therefore, bounded by the hemispherical scallop, the two
side struts and a back plate. The cell is divided into three regions.
The first region contains lead-filled rods which constitute the first
zone 1isted in Table V.1-1 with an effective thickness of 11 cm. The

lead zone is followed by a single row of lithium-filled rods with an
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Table V.1-1

Effective Composition of the Different Blanket Zones

Component Zone Effective Thickness (cm) Composition (% Vol.)
First Wall , 0.2 Ir-4 100
1 11.0 Pb 74
r-4 9
Na 17
I1 2.1 Li 70
ir-4 7
Na 23
Divider 0.2 Zr-4 100
III 21.5 Fuel Assembly
Divider 0.2 Ir-4 100
1V 10.25 Li 74
Ir-4 9
Na 17
First Back Plate 2 Ir-4 100
v 70 Pb 28
C 57
Ir-4 5
He 10
VI 13 Li 74
ir-4 9
He 17

Second Back Plate 2 Zr-4 100
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effective thickness of 2.1 cm. The second region (zone III in Table V.1-1)
is separated from the rest of the cell with tangential dividers 0.2 cm
thick which are welded to the radial struts. This region, which is 21.5 x
21.5cm, contains the fissile fuel assemblies and will henceforth be
referred to as the fuel assembly compartment. Three PWR-type fuel rod
assemblies stacked on top of each other are placed in each compartment.
The Tast region (zone IV) in the cell contains Tithium-filled rods and has
an effective thickness of 10.25 cm. Placement of the various lead and
lithium zones has been optimized neutronically as described in section II.
Liquid sodium flowing vertically in the spaces between the rods in the
different zones is used to cool the blanket. The flow in each region is
controlled to produce an even temperature rise in the sodium coolant.

The zones behind the first back plate contain reflecting and absorbing
materials as shown in Fig. V.1-3. Zone V has lead-filled rods in a
graphite matrix and is 70 cm thick while zone VI has Tithium filled
rods and is 13 cm thick. Both of these zones are cooled with gaseous
helium. The first back plate is 2 cm thick and is the barrier between
the sodium and the helium cooled regions of the cylindrical blanket.

The second back plate is the last boundary of the cylindrical blanket and
besides being the barrier for the helium coolant it is also the structural
member used to attach the blanket modules to the shield. Table V.1-1 lists
the various regions in the blanket, their effective thickness and their

composition by volume.
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The cylindrical blanket is divided into 12 modules, 3 modules per
shield quadrant. Each module has 15 cells as shown in Fig. V.1-3. Two
diametrically opposite modules are equipped with beam ports for two-
sided illumination of the pellet. The laser beams are stacked vertically
to pass through a rectangular aperture in the blanket module (section Iv).
The beam apertures at the first wall are 60 cm wide and 4 m high, so that
they occupy the space for three cylindrical blanket cells as shown
in Fig. V.1-1. The lower sections of these cells are inaccessible from
the top and cannot be used for fuel placement; they contain lead and
Tithium rods instead of fuel assemblies. A single fuel assembly will be
placed in the upper compartment of each of these cells. This reduces
the total number of fuel assemblies that can be accommodated within
the SOLASE-H blanket from 540 to 528.

The top and bottom end caps of the SOLASE-H cavity are primarily
devoted to tritium breeding and energy extraction. The 1lithium contained
in these regions is circulated through a steam generator with a small
stream diverted for tritium extraction. The top and bottom end caps are
similar but not identical. The top blanket is 6.6 m in radius while the
bottom is only 6.0 m. In addition, the top blanket has provision for
pellet injection in its center and also has a rectangular port which
is lined up radially with the fuel assembly compartment in the cylindrical
blanket as can be seen in Fig. V.1-1. This port is 25 cm wide and 70 cm
in the circumferential direction, spanning three cylindrical-blanket
cells. It provides access to the fuel assembly zone for fuel management.
Rotating the whole top shield and blanket 360° about the central axis makes
it possible to reach all the fuel assemblies within the reactor. This

aspect of the design will be discussed in more detail in the fuel
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management section.

Figure V.1-4 shows a segment of the upper blanket in which the
arrows indicate the direction of lithium flow. The upper blanket is 60 cm
deep and is divided into quadrants which are completely independent of
each other. The blanket is followed by a helium-cooled reflector zone
75 cm thick. Each blanket quadrant has one supply tube connecting it to
a circumferential header. Lithium from the supply header is routed into a
labyrinth of rectangular passages bounded by the first wall and another
sheet behind it. The entering Tithium flows in passages of essentially
constant area leading toward the center of the blanket,emerges into the
interior of the blanket and then flows radially outward at a much Tower
velocity toward the return headers on the outer periphery. This
design provides excellent heat transfer at the first wall where it is
needed most, while maintaining a low pressure drop throughout the blanket.
As a result, there is no need to scallop the first wall in the upper and
lower blanket sections. The first wall is smooth and is connected
to the back sheet with 0.3 cm thick spacers at 2° intervals which define
the rectangular passages for Tithium flow. The distance between the first
wall and the back sheet is tapered to provide a constant flow area and thus
maintain an essentially uniform velocity at the first wall. Additional
spacers also 0.3 cm thick at 4° intervals connect the back sheet to the
back plate of the blanket. The blanket and the reflector quadrants are
attached to the upper shield structure which provides the support for
them. The upper shield is a monolithic structure with massive radial

ribs transferring the load to the cylindrical shield. The spaces between
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Fig. V.1-4



the radial ribs will have removable interlocking shield segments.

Access to the interior of the reactor cavity is provided by removing the
entire upper shield structure. In order to do this, the shield segments
will have to be removed first to make the structure compatible with the
available overhead crane capacity in the reactor building.

The shield under the Tower blanket is divided into quadrants which
are integral with the cylindrical shield quadrants. The lower blanket
segments are attached to the bottom shield the same as at the top.

Once the upper shield and blanket have been removed, the cavity can be
taken apart in quadrants for maintenance or blanket replacement. This is
done by sliding opposite shield quadrants radially outward, and will be
discussed in the assembly and maintenance section.

The shield is 2 m thick everywhere except on the bottom where it
is 1 m thick measured from the end of the reflector zone to the floor.

It is composed of 90% concrete, 10% aluminum structure and has a 10 cm
thick lead liner surrounding it on the outside except on the bottom.
The total weight is about 8560 tonnes of which 6340 tonnes is concrete,
1520 tonnes is lead and 700 tonnes is high strength aluminum.

Similar to the SOLASE(]) reactor, the vacuum seals between quadrants

will be made on the inner side of the shield as shown in Fig. V.1-3.

The seal itself is a soft aluminum wire. Holes through the shield

provide access to the captive seal bolts. These holes are normally plugged
with shield dowels. The seal between the upper shield and the cylindrical
shield can be an inflatable elastomer gasket, since the seal has to be made
and broken every time the top shield is rotated. This seal is readily

accessible from the outside and can be replaced frequently.



V.1.B. Structural Considerations of the Blanket and Shield

Stress analysis of the first wall has been treated in a separate
section of this report. In this section we will be concerned with
the mechanical support of the various components of the blanket
and shield.

Although the structural components of the first wall and blanket are
strong enough to support the weight of the lead and 1ithium filled rods,
it was decided not to use them for that purpose. The ideal way to
support these heavy components would be to attach them at the top and let
them hang freely. However, that would be impossible in this case. The
fuel assembly zone must be kept open at the top for fuel management
purposes and structure cannot traverse it. The only other option is to
support them on the bottom. For this reason the bottom blanket was made
only 6 m in radius so that the cylindrical blanket can fit around it. The
bottom closure on the cylindrical blanket is a flat plate 1 cm thick
which is supported directly on the shield. A perforated stand-off plate
also 1 cm thick is attached to the closure separated 8 cm away from it.
This perforated stand-off plate is the surface on which the various elements
of the blanket are supported. The space between the stand-off plate and
the closure is the coolant plenum and the perforations in the plate
regulate the amount of coolant entering the various zones in the blanket.
The reflector zones also have a closure and a stand-off plate for
supporting the elements in them. In this case, the space between them is
the plenum for the helium gas used to cool the reflector components. The
loads from the reflector zone are also transferred to the shield through

the closure plate.



The Tead rods in zone I are 12 m Jong and each weigh on the order of
43 kg. By themselves the rods would be very difficult to handle. However,
if the rods are bundled into the correct configuration before they are
filled with lead then the assembly will have the structural integrity to
be handled as a unit, It will, therefore, be assumed that the lead rods
in zone I will be first bundled, then filled, welded shut and then placed
into the cell, Once in place, they will not be handled again until
radiation damage necessitates their replacement. A complete unit
of lead rods in each cell weighs 2 tonnes and can be easily handled with
an overhead crane.

While the lead-filled rods are permanently sealed, the 1ithium-filled
rods are not. Tritium bred in the Tithium rods will have to be removed
by slowly circulating the Tithium through a tritium extraction system.
Manifolding for all the Tithium rods will be done from below. Incoming
lithium is routed up through one-half of the rods in each cell, makes a
U bend at the top and descends in the other half of the rods. It is,
therefore, necessary that there be an even number of lithium rods in
each cell. Each module will have a single supply and return line feeding
15 cells., The velocity in the rods will be determined from tritium inventory
considerations but will be very low and thus the pressure drop will be
negligible. Since the rods -are externally cooled, the internal velocity
is not critical from heat transfer considerations. During blanket changeout,
the Tithium in the rods can be drained out to simplify the handling process.
The lead and 1ithium-filled rods in the reflector zones will be treated in
much the same way. Table V.1-2 gives the specification of the different

rods in the blanket.



Specifications of the Different Tubes in SOLASE-H

Table V.1-2

Zone

Filler

No. of Tubes in Reactor

No. of Tubes in Cell

No. of Tubes in Module
Diameter of Tubes (cm)

Wall Thickness of Tube (cm)
Tube Length (cm) 2
Surface Area of Tube (cm®)
Mass of Filler/Tube ( kg)
Mass of Structure/Tube (kg)

Pb
8100
45
675
2.1
0.05
1200
7917
42.7
2.50

I1
Li
1800
10
150
2.1
0.05
1200
7917
1.72
2.50

IV
Li
9000

750
2.15
0.05
1200
8105
1.802
2.57

v

Pb
7680
N/A
640
4.0
0.15
1200
15084
146.3
14.2

VI
Li
14280
N/A
1190
2.1
0.05
1200
7917
1.72
2.50



As mentioned earlier, three fuel assemblies are stacked vertically
in each cell. Because of the delicate nature of the fuel assemblies and
the close tolerances that must be maintained within them, it was decided not
to allow them to bear on each other but instead to have them supported
individually. In this design the fuel assemblies will be supported
on the walls of the compartment provided for them within the blanket
cells. The bottom assembly will rest on the stand-off plate in the
cell which also supports the walls of the compartment. As the first
fuel assembly is inserted into its compartment it activates mechanical
Tatches on the compartment walls which are the stops for the second fuel
assembly. Similarly, the second assembly activates latches which are
the stops for the third assembly. In this way, the second and third
assemblies are supported on the walls and neither of the three is in
contact with the others. Removing a fuel assembly resets the latches
so that they would not interfere with the removal of subsequent assemblies.
The compressive stress in the walls of the compartment due to the weight
of the two assemblies is only 1.85 x 10’ N/m® (< 3000 psi). Table V.1-3
gives the material specifications in the blanket.

V.1.C. Fuel Management

Periodic rearranging of the fuel assemblies will be needed to insure
a uniform enrichment of the fissile fuel in them. In order to allow
periodic fuel management, the top shield and blanket were designed with
a port which is lined up radially with the fuel assembly compartment
subtending three cells in the cylindrical blanket. During operation this

port is covered with a special shield plug.
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Table V.1-3
Material Specifications in the SOLASE-H Blanket

A-Cylinder Blanket (all masses in tonnes)

Zircaloy-4 Blanket Structure 248

Fuel Assemblies 270

Zircaloy-4 in Rods 193

Lead 1469

Graphite 407

Lithium 44

Sodium 34

Total Mass of Cylindrical Blanket 2665 2665
B-Top and Bottom Blanket

Zircaloy-4 Blanket Structure 85

Graphite 332

Lithium 77

Total Mass of Top & Bottom Blanket 494 494

Total Mass of SOLASE-H Blanket 3159 tonnes



In preparation for fuel management, the shield plug is removed and a special
carriage is installed covering the port and extending high enough above the
reactor to accommodate the extraction of a 4 m high fuel assembly. This
carriage will have a storage compartment on the side adequate for three fuel
assemblies and will have the capability of providing an inert atmosphere
above the cell zone. This wi11‘obviate the need for draining the sodium out of
the blanket during fuel assembly rotation. Integral with the carriage will be
remotely operated tools for machining welds, making welds, handling the upper
cell closures and, of course, extracting and inserting the fuel assemblies.

The sequence of operations needed to rotate the fuel assemblies in a module
is described below:

1) The top shield is rotated until it reaches the module in question

and locates on fiducial marks on the blanket.

2) A mechanism is actuated which effects a seal between the module and the
carriage. The space in the carriage is evacuated and backfilled with an
inert gas.

3) A machining tool (grinding, milling or plasma) is rotated into place
on a track. The tool automatically rides the track and machines off the
seal between the top flange and the closure. Chips are vacuum cleaned
simultaneously.

4) A manipulator 1ifts the top closure and sets it in a designated area.
This operation exposes three fuel assemblies to access from the carriage.

5) A crane in the carriage manipulates the fuel assemblies between the
different compartments using the storage areas as temporary holding

places.



6) The manipulator replaces the closure on the module.

7) A welding head (MIG, TIG) which is part of the machining tool complex
is located and adjusted. The welding head rides the track making the
seal weld.

8) The carriage space is evacuated and a set procedure followed to leak check
the weld.

9) The carriage is backfilled with an inert gas. The seal is deactivated
and the top shield rotates to the next three cells.

At the time when new fuel assemblies are inserted into the hybrid, or
enriched assemblies are taken out for installation into a PWR, an additional
transport container will be attached to the carriage. As the transport
container is filled, it will be taken to a special area where the assemblies
will be cleaned and inspected prior to shipment to the PWR site.

V.1.D. Assembly and Maintenance

Radiation damage to the first wall and blanket components will ultimately
necessitate their replacement. The cavity in SOLASE-H is designed to be taken
apart in order to provide access for routine and unexpected repair and maintenance.

In preparation for dismantling the cavity, obvious functions suchas the
draining of the coolants, the Tithium from the breeding rods and disconnecting
coolant and other Tines has to be performed. Next, the pellet injector is
removed from the upper shield and preparation is made to remove the upper
blanket and shield assembly.

To alleviate the problem of 1ifting the entire upper assembly
weighing on the order of 1300 tonnes, the upper shield was designed as a
massive structure of aluminum radial ribs which supports removable inter-

Tocking segments of shielding material. Eight shield segments, each weighing



143 tonnes will be supported between the radial ribs. They will include
the lead, concrete and the graphite zones., Once these shield segments
are removed, the remaining structure composed of the Zr-4 blanket and
the aluminum in the shield weighs on the order of 150 tonnes. This
structure can now be Tifted in its entirety and removed to a designated
area for blanket replacement.

The next step is to separate the cylindrical shield quadrants. The
bolted connections on the inner side of the shield have to be undone with
tools penetrating the shield through access holes provided for that purpose.
These holes are normally plugged with shielding material. Undoing this
bolted connection also breaks the seal between quadrants.

The two quadrants which contain the laser beam ports will be
designated as stationary. They will not normally be moved during blanket
replacement. The remaining two quadrants will be moved radially out
from the reactor. Each quadrant has three blanket modules which, when
drained of sodium and lithium and with the fuel assemblies removed,
weigh ~ 190 tonnes. The weight of a quadrant of cylindrical and lower
blanket and shield is 2545 tonnes. Similar to SOLASE,<]) we envisage
using gas bearings for moving the quadrants and the total excursion would
be ~ 10 m. This would allow ample space for maneuvering the equipment
needed for working on the blanket modules.

It will be assumed that a 250 tonne overhead crane will be available

in the reactor building. Modules, still containing all the materials



except the fuel assemblies, the Tithium and the sodium coolant, each
weighing ~ 190 tonnes can now be unfastened from the shield and removed
to the appropriate area. Salvageable materials will be removed for
recycling, and the remainder will be compacted for storage as radwaste.

New blanket modules with fresh materials will then be brought in
and attached to the shield quadrants, after which reassembly of the
reactor cavity can commence. The quadrants are brought together and
fastened with new bolts. The upper shield structure with new blanket
segments is replaced on the cavity and the shield segments are reassembled
on it. Finally, the pellet injector is returned to its location on the
top shield and coolant and other lines are reconnected. The cavity is
now ready for charging with the fuel assemblies and will follow the
same prescribed procedure for fuel management.

Maintenance of a hybrid blanket of this nature is not an easy chore
and like any other reactor system will require numerous specially designed
remotely operated tools. Although the system has been simplified as much
as possible under the circumstances, it still remains a rather formidable
task.

Reference for Section V.1]

(1) R.W. Conn, et al., "SOLASE, A Laser Fusion Reactor Study", UWFDM-220,
University of Wisconsin, Nuclear Engr. Dept. (Dec. 1977).
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V.2. The Fuel Cycle and Tritium Processing

V.2.A. Introduction

In this section we describe the tritium pathways for SOLASE-H,

The areas investigated include: (1) reactor fueling, (2) tritium breeding
and blanket design, (3) tritium extraction from the breeding material and
reactor exhaust, and (4) tritium control in the sodium coolant.

The major fusion parameters characterizing SOLASE-H are given in
Section III.1. The pellet yield is 310 MJ at a gain of 194, a repetition
rate of 4 sec'], and a total energy per fusion event of 17.6 MeV, so that
the total thermal fusion power for the reactor is 1241 MWt. The daily
D-T fuel requirements for SOLASE-H are given in Table V.2-1. These values
are based on a pellet core fractional burnup of 30% (Section III.1).

The repetition rate is increased by 10% (4.4 sec-]) to allow for misfirings
so that the effective fractional burnup is 27%. A plant factor of 70%

is assumed and a five-day emergency fuel supply is maintained to allow for
continued plant operation in case of tritium system failure.

V.2.B. Pellet Composition

Design of laser fusion pellets is in its infancy and a wide range
of pellet materials and output characteristics is possible. In general
though, the pellets will be cryogenic and have in addition to the D-T
fuel, a container material, a low-Z polymer ablator, and a high-Z material

acting as a hot electron shield and fuel tamper. Since pellet manufacturing
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Table V.2-1
Daily D-T Fuel Requirements for SOLASE-H

D T
Daily Consumption (moles/day) 64 64
Daily Consumption (kg/day) 0.13 0.19
Recycled Amount (kg/day) 0.34 0.51

Fabricated Amount (kg/day) 0.47 0.70
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and delivery problems have been discussed elsewhere,(]) we shall deal
with the effect of the pellet composition on the reactor exhaust. In
order to examine this area, a pellet with deuterated polyvinyl alcohol
(PVA) as the fuel container material is considered in detail. Although
less data exist on plastic than glass shells, experiments have been
conducted on plastic shells which demonstrate shorter D-T fill times than
for glass shells. Shorter fill times in turn lead to a reduced

plant tritium inventory. In addition, fuel containers composed of
deuterated polyvinyl alcohol result.in a Tess complicated reactor
exhaust cleanup system compared to glass containers as glass results in
the production of a large quantity of non-volatile species,

Xenon is the choice as the high-Z material since it is relatively
inert and remains gaseous t0-107.1°C so that it can be easily pumped out of
the reactor chamber. A frozen layer of xenon on the inside surface of the
plastic container protects the shell from the beta radiation produced
by tritium decay during pellet storage. If a material of higher Z than
xenon is required for better pellet performance, mercury may be used since
it is easy to keep gaseous and pump; in addition, a well-developed mercury
technology is in existence. Obviously, the least desirable choice would
be a refractory high-Z material. Although the quantity per pellet for
refractory material may be Tow, the 4 x 105 pellets fired into the reactor
chamber per day will result in a large quantity of material either
accumulating in the chamber or requiring a separation process

to avoid damage to the pumps.



V-23

A polymer such as deuterated polyethylene is used as the low-Z

ablator. Also,xenon is frozen on the outside surface of the pellet in order
to ensure cryogenic conditions in the pellet during its flight to the cavity
center. All thexenonevaporates prior to laser-pellet interaction.
Therefore, starting from the inside, the pellet layers are as follows:

(1) 3.1 mg DT

(2) Xenon

(3) 3 mg deuterated polyvinyl alcohol

(4) Xenon

(5) 6 mg deuterated polyethylene

(6) Xenon

V.2.C. Xenon Cleanup Schemes

The reactor cavity is filled with xenon gas at 1 torr (300 K),
sufficient to protect the front wall from the charged particles and X-rays
produced (Section III.2). The pumping rate is 5 x 105 L/sec at
1 torr and 300 K. Table V.2-2 gives the amount of deuterium, tritium,
oxygen, carbon, neon, helium and xenon that are present in the exhaust.
Possible compounds in the reactor exhaust include water, carbon oxides,
hydrocarbons and any compounds such as metal oxides, carbides and hydrides
formed by chemical sputtering of the zircaloy first wall. Examination of
Table V.2-2 reveals that the reactor exhaust is predominantly xenon (99.9%),
so that the separation scheme has to be designed to separate small quantities

of gaseous species from a large volume of xenon.
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Table V.2-2

Composition of Pellet Debris and Chamber Exhaust

Pellet Debris Chamber Exhaust
Element (mg/pellet) (moles/day)

D 2.90 552

T 1.35 172

0 1.00 24

C 6.00 190

Xe ? 2.3x10%% —
He --- 64

*Xenon is present in the chamber to protect the wall from the micro-
explosion.
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Figure V.2-1 depicts the xenon recycle system, The exhaust from the
reactor is scrubbed free of high temperature condensables and particulates,
such as carbon and any metals, carbides and metal oxides and hydrides,
formed by sputtering. The gas is then sent to a catalytic oxidizer
where the hydrogen isotopes, hydrocarbons and carbon monoxide are oxidized
to water and carbon dioxide.(2’3) At this point the exhaust from the
plastic pellet contains 0.016 mole percent of water and 0.001 mole percent
carbon dioxide, if the simplifying assumption is made that the hydrogen
exits the reactor unoxidized and the oxygen exits as carbon monoxide. This
is equivalent to 7 kg/day of water. Molecular sieves at 25°C absorb
32 kg of water per cubic meter of sieves with the effluent gas having a
water partial pressure of 5 x 1073 torr (125 ppm). Thus, two beds of
.~ 0.3 m3 each remove about 97% of the water. More efficient scrubbing
can be achieved by refrigerating the beds. The beds can be operated in
tandem on a twenty-four hour basis so that one bed is being regenerated
while the gas stream is switched to the other. The beds are regenerated
by heating the molecular sieves to 350°C. The total tritium inventory
on these beds is .~ 0.51 kg. After removal of the water, the xenon is passed
through a "soda Time" bed to remove carbon dioxide.(2’3) Approximately
24 moles of carbon dioxide are removed per day. This requires about
3.5 kg of soda 1ime/day which ends up as waste.

At this stage the xenon contains only helium. A portion of the

xenon is fed to the pellet fabricating system while the remainder is returned
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to the reactor chamber as sweep gas. If the helium concentration is at an
unacceptable level for either of these purposes, it is necessary to purify the
xenon. This can be accomplished by selective absorption of the xenon on

3) To the extent that it is

activated carbon at -65 to -75°C.(
practical, closed loops are utilized in all systems involving the reactor
exhaust. This is done to minimize the loss of tritium to the environment.

As an alternative to this xenon cleanup scheme it may be possible to
first remove the Dz, DT and T2 from the gaseous mixture by passing the gas

over a bed of nickel plated yttrium at 540-760°C,(4)

thus extracting

99.93% of the hydrogen isotopes. The nickel coating permits rapid diffusion
of the hydrogen isotopes while preventing diffusion of oxygen or
carbonaceous gas. Deuterium and tritium may be recovered from the

yttrium by vacuum annealing. After the hydrogen isotopes are extracted

from the xenon, the remaining gases are catalytically oxidized

and treated as previously specified. In this scheme the elemental

hydrogen isotopes would not be oxidized but rather sent directly to the
isotope fractionating system for ultimate reinsertion into the reactor.
Which route to adopt depends on whether the nickel coated yttrium

idea is practical and on the quantities of elemental deuterium and tritium

present in the reactor exhaust to be handled.
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V.2.D. Hydrogen Isotope Recovery

The water recovered from the molecular sieves as a mixture of isotope
compositions is sent to an electrolyzer where the elemental hydrogen species
are produced. Electrolytic hydrogen generators capable of producing 300 ml/min
(STP) of 99.9999% pure hydrogen are commercially avai]ab]e.(s) The electrical
power requirement for such a unit is 220 watts. Since our total demand is
19 times larger (36 moles DTO, D,0, T,0/day), the equipment has
to be scaled up accordingly and the power required should be about 4.2
kilowatts. The steady state tritium inventory in the electrolysis equip-
ment is 0.02 ka.

The deuterium and tritium produced by the electrolyzer are sent to a
hydrogen liquification and fractionation system along with the 0.20 kg/day
of tritium bred in the blanket and recovered as Ty. The bred tritium is
added at this point to dilute the deuterium and allow the fractionation
process to handle more nearly equal moles of the two hydrogen isotopes.

The combined liquid phase contains deuterium and tritium in a D:T atom

ratio of 7:3. The fractionating columns will have to be designed to

recover the deuterium and tritium as a one to one D-T mole ratio mixture.
Fractionation columns descm‘bed(6> for the UWTETR require a power expenditure
of roughly 30 kW and are capable of producing 95+% pure streams of deuterium
and tritium. They accommodate a hydrogen isotope mixture (78% tritium) that
has a flow rate of 27 mmoles/sec and contains a steady-state tritium inventory
of 0.19 kg. The cdrresponding parameters in the hybrid are a hydrogen isotope
mixture of 30% tritium and a molecular flow rate of 4.6 mmoles/sec. Therefore,

the tritium inventory in the SOLASE-H fractionating columns is 0.19 kg x

v 1700 4.6 1 .
(30%/78%) x (27 m$2$e§;ézsc)’ or 0.012 kg. This is only a rough estimate



V-29
since many of the distillation system parameters can be expected to change

due to the altered hydrogen isotope composition. Tritium losses to the en-
vironment as contaminated water are confined to less than 0.1 curie/day.

V.2.E. Fuel Supply Logistics

The fuel cycle requires storage to allow continued reactor
operation in the event of a breakdown in the pellet fabricating or tritium
extraction systems. The pellet inventory is dictated by the time required
to fill a batch of shells with the D-T fuel mixture which depends on the
permeability of the fuel container material. For plastics the fill time is
no more than one day with the filling process occurring in a batch

(1)

operation. To ensure continuous operation of the reactor, at

least one batch must be kept on hand to allow for an auxiliary pellet
maker to be brought on Tine in the event the main pellet maker goes down.

A 1-day pellet inventory corresponds to 0.71 kg of T. The pellet maker
itself contains a one-batch inventory; in addition, the D-T atmosphere

in the pellet maker contains about 0.25 kg of T.- This value is based

on a fill pressure of 150 atm (130°C) with ~ 3 mm radius shells in a close-
packed system (theoretical packina efficiency = 74%; undoubtedly the volume
required for the pellet maker will be larger than the 0.06 m3 based on

the above assumptions). It is undesirable to fire the entire reserve
storage of pellets while a batch is being filled since this entails

firing the Tast storage pellet simultaneous to a new batch being ready.
Therefore, the minimum tritium inventory in the pellet storage, manufacturing
and delivery system is about 2.4 kg. In addition, if the tritium recovery

system experiences a braakdown, there should be tritium on reserve, probably

as uranium tritide, to avoid an interruption in the pellet fabrication
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process. If it is assumed that the tritium recovery system can be repaired
within 5 days, then 3.5 kg T is required for this purpose. Therefore,

the total tritium inventory associated with storage, pellet manufacturing
and delivery is about 5.9 kg. This constitutes a major fraction of the
total tritium inventory in the plant (Table V.2-3).

Some pellets will probably fail during storage. To reduce the failure
rate to a minimum cryogenic storage at liquid helium temperatures is
necessary to reduce the hoop stress in the shells. The power required
to maintain pellets with 1 kg of T at 5 K is approximately 0.24 Mw.(1)

V.2.F. Tritium Breeding and Extraction

V.2.F-1. The Lithium Blanket

Liquid 1ithium is the breeding material in SOLASE-H, The cylindrical
blanket will contain 3 zones of natural lithium in zircaloy pins, the first 2 B
are sodium-cooled at a temperature of 350°C while the outermost is heljum-
cooled at a temperature of - 200°C. The axial portions of the reactor (top
and bottom caps) are filled with Tithium at 350°C and it is here that

~ 65% of the tritium breeding occurs. The 1lithium and sodium inventories

are given in Table V.2-4. Further blanket details can be found in Section V.1.

V.2.F-2. Extraction of Bred Tritium

The breeding process results in the loss of one lithium atom for each

tritium atom bred.
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Table V.2-3

Total Tritium Inventory
(Steady State Quantities)

Location Quantity (kg)
Reactor, Scrubber,

Oxidizer, CO, Absorber < 0.01
H-isotope Fractionator 0.01
Electrolysis Equipment 0.02
Molecular Sieves 0.51
Lithium 0.22
Pellet Maker and Storage 5.9
Fuel Pins From Ternary Fissions < 0.01
Retention in Zircaloy Structure* 1.22%

TOTAL 7.9

*See Section V.2.G

Table V.2-4
Liquid Metal Inventory in SOLASE-H

Inventory (metric tons)
Item Lithium Sodium

Cylindrical Blanket

gNa-coo]ed zones) 19 34
He-cooled zone) 25 -
(Steam generator and piping) - 68
Caps
(T breeding region) 77 -
(IHX and steam generator) 77 34
Tritium Extractor and Piping 22 24

Total 220 160
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Approximately 0.21kg of tritium is bred each day in the SOLASE-H blanket.
(Daily consumption = 0.19 kg T/day, and breeding ratio = 1.08.) The bred
tritium is present in the lithium as LiT. Small scale experiments(7)
have shown that LiT is preferentially extracted from 1iquid Tithium by a
molten salt of composition LiF-LiC1-LiBr(22-31-47 mol1%) (melting point
of 445°C). When this salt is contacted with an equal volume of 1iquid
lithium containing tritium at 500°C, it is estimated(g) from experimental data(7)
that the ratio of the tritium in the salt to the tritium in the lithium is ~ 2.
The tritium extraction process operates at ~ 500°C in SOLASE-H, which is
sufficient to maintain the salt in a molten state.

The tritium inventory in a lithium zone is allowed to grow to 1 wppm.
This level is attained on the average in less than a day. Once a zone
has reached a 1 ppm tritium inventory, a small stream of Tithium is
continuously circulated through the extraction system for tritium removal
purposes. During steady-state operation of the extraction system, all the
streams from the various zones are merged and brought to -~ 500°C by a
regenerative heat exchanger before entering the extractor. Since the
breeding rates and volumes of the separate zones are not equal, the flow
rate of lithium to the extractor from each zone is adjusted so that a 1 ppm
tritium concentration is maintained throughout the 1ithium zones.

The quantity of the blanket processed per second, X, is given by:(7)
R . eDVn+1

b
X = Y I, . (1)
ISS eDVn L

where Ry (tritium breeding rate) = 2.4x 1070 kg/sec
e (efficiency of tritium recovery from the salt) = 0.90
DV (volumetric distribution coefficient of tritium between the

1ithium and the salt) = 2
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n = efficiency factor which accounts for nonequilibrium tritium distribution
during contacting and assumed to be unity

Iss (steady-state tritium inventory) = 0.22 kg (for 1 ppm T inventory)

ILi (1ithium inventory in SOLASE-H) = 220 x ]03 kg .
Therefore, 3.7 kg/sec (7.4 %/sec) of lithium is processed to remove the 0.21 kg/day
of tritium bred in the blanket. The 1ithium is fed into a high-capacity
annular centrifugal contactor unit where it is contacted with an equal volume
of the molten-salt eutectic. The lithium exits the contactor with a tritium
concentration of only 0.37 ppm and is returned to the blanket. Further details
on the pumping of the lithium are given in Section V.1.

The centrifugal extractor units are based on a single-stage nefwork
of units connected in parallel. Each unit is 25 cm in diameter and 45 cm high
and processes ~ 23,000 liters of fluid (1ithium plus salt) per hour.(7)
Therefore, three of these units are needed in SOLASE-H. [(7.4 % Li/sec +
7.4 % salt/sec) x 3600 sec/hr + 23,000 £/hr .] The Tithium residence
time in these units is ~ 3 min.

The molten salt is then processed electrochemically to recover the
tritium.(S) Experiments on molten LiF-LiC%-LiBr (22-31-47 mol1%) show that
the oxfdation of Tithium hydride readily occurs at an emf of ~ 0.9 volts,
a voltage which is below that of the decomposition potential of the salt
eutectic (> 2 volts). Electrolysis is carried out for 30 minutes resulting
in 90% of the tritium being evolved as T2 which is recovered from the melt
by sweeping the porous stainless steel hydrogen electrode with a circulating
stream of argon and subsequently trapping the tritium from the argon with a
getter. A number of tanks having a total volume of roughly 13 m3 are required
for electrolysis purposes. The tritium is then desorbed from the getter and

merged with the deuterium and tritium recycled from the exhaust gas (Section v.2.D).



V-34

A schematic diagram of the tritium extraction scheme is shown in Figure V.2-2.

V.2.G. Tritium Control System

The total tritium inventory in SOLASE-H is 7.9 kg (Table V.2-3). A
complete analysis of the tritium containment and emergency recovery system
is not attempted in this report. It is expected that in general tritium

control is achieved by a three stage system.(]’6)

Primary containment
consists of the walls of the components which are in direct contact with
tritium, secondary containment is provided by local enclosures, such as
glove boxes, surrounding major tritium handling equipment, and tertiary
containment is considered to be the exterior buildina walls. Tritium
scrubbing equipment must have the capability of processing ~ 20% of the
hybrid building volume per day to reduce the tritium present and limit
losses out the stack to < 1 Ci/day.

The tritium escape route which will be analyzed in detail and which
appears to be the most difficult to control is permeation to the sodium coolant
and from there through the walls of the steam generator. Once tritium
diffuses into the steam system, it is isotopically diluted to such an
extent that separation is difficult with current techniques, and it must
be considered Tost to the environment. To understand the magnitude of the
losses expected, the tritium permeation characteristics of zircaloy must
be examined.

The only studies of hydrogen permeation through zirconium are those

by Bernstein and Cubicciotti(g) and Albrecht and Goode.(]o)

Albrecht and
Goode conducted their measurements on beta zirconium (9 to 33 atom % hydrogen)
and Bernstein and Cubicciotti studied ductile zirconium at hydrogen pressures

from 1 to 45 cm Hg and temperatures from 375 to 900°C. A wide variation
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in permeabilities between different samples at comparable conditions of
temperature and pressure makes it impossible to determine the temperature
dependence of permeation or the effect of sample thickness on the rate of
permeation. Non-reproducible oxide surface conditions probably account
for the poor data. Austin et a].(]]) found that the diffusion coefficient
of tritium through a surface oxide layer of zircaloy is typically 8 orders
of magnitude below the bulk diffusion coefficient. This shows that an cxide
coating on zircaloy and undoubtedly zirconium serves as a barrier to
tritium permeation. This has been verified under reactor conditions

by the general observation that reactors with stainless steel clad cores
have shown 50 times higher tritium activity in the coolant than those

with zircaloy clad cores.(12’13)

Tritium Teakage to the sodium coolant
may occur from the plasma through the first wall, from the lithium where tritium
is bred through the tube side walls and from the fuel pins where tritium is
produced by ternary fissions through the zircaloy cladding.
The first area analyzed is the tritium leakage from the plasma through
the first wall. The molecular hydrogen isotope pressure in the reactor chamber
is 4.0 x 10'4 torr at SOOOC, the temperature of the first wall. The
deuterium to tritium mole ratio in the pellet debris is 3.2 to 1. The
first wall area in contact with sodium is 4.5 x 106 cm2. It is expected
the zircaloy surface facing the reactcr chamber where the pellet implodes
will be in a clean, unoxidized state due to sputtering. The very poor
data on unoxidized zirconium precludes a calculation of the permeation of

tritium from the chamber to the sodium coolant and the permeation rate can,

therefore, only be arbitrarily estimated as -~ 0.1 g/day.
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Tritium can also leak to the sodium from the lithium breeding zones.
The first two lithium zones (350°C) in the cylindrical blanket are
contained in zircaloy pins and are sodium-cooled. The 1lithium in the
caps at 350°C is circulated to a sodium intermediate heat exchanger (Fig. V.1-1).
The tritium pressure above lithium (1 wppm T or 2.3 appm T) calculated from
the re]ation:(]4)

(P (torr))”2
2 5085

N (moTe T/moTe L) = exp (9.226 - ‘1—79 (2)

-11

is found to be 4.5 x 10 torr in these 1ithium zones. The last lithium

zone (. 200°C) in the cylindrical blanket is helium-cooled. The Tow
Tithium temperature results in a tritium pressure of only 2.5 x ]0']3 torr.
The zircaloy surface facing the lithium will be unoxidized as lithium has
been found(]5) to reduce Zr0, to zirconium at 180-200°C. Because the
tritium pressures in the reactor chamber are 7 to 9 orders of magnitude
higher than those in the 1ithium, it is probable that tritium losses to the
sodium from the lithium breeding zones are negligible compared to permeation
from the reactor chamber.

Fast fissions in the U0, fuel pins account for ~ 500 to 3500 MWt of
power in SOLASE-H. In general, tritium from fast fissions is produced

st a rate 2.5(16) times higher than the rate of 0.0105(17) ci/Mit-day for

thermal fissions. This gives a hybrid tritium production rate of 13-91

Ci/day. It has been found that up to 1% of the tritium produced in

zircaloy-clad cores is released to the coo]ant.(]3) Thus taking 1% of 13-91

Ci/day gives a release to the sodium coolant of < 1 Ci/day (< 107 g/day).
Therefore, little tritium enters sodium from the fuel pins and the tritium
inventory in the sodium is due almost exclusively to losses from the

plasma chamber.
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The maximum partial pressure of tritium allowable in the sodium to
1imit tritium losses to the steam through the steam generator walls to
~ 1 Ci/day can be very roughly estimated if an oxide coating is present
on the zircaloy. This is the case in the hybrid as an equilibrium oxide

i1 s . . 8
film is present on zirconium even at room temperatur‘e.(‘1 )

(19)

More importantly,

1iquid sodium contains oxygen
(20-23)

and zirconium has been found to getter oxygen

(24,25)

from sodium. The oxide coating on zirconium is adherent

. . . . . 20,21
and remains so even in a flowing sodium env1ronment.( 21)

(26)

Smith has measured the hydrogen permeation of oxide films on

zirconium and found the rate to be empirically defined by the equation

-3 _ _

8 44.6x107°P

where r is in moles Hz/cm?'s, § is the oxide film thickness in cm, P is the
pressure in torr, R is 1.987 cal/mole*K, T is the temperature in K and k can

vary from 7 x 10714 -1 0']2.

to 7 x 10 but has an average value of 4 x 1
To employ the above equation it is necessary to know the thickness of the
oxide coating. Although Austin et a].(]1) have found tritium diffusion to
be greatly inhibited in a 5 x 10—4 cm surface layer on zircaloy, a film
thickness of only 2.5 x 10—5 cm is used here as this was the thickest film
covered by Ean. (3). The film thickness used in these calculations is
less than that expected in SOLASE-H. So for a steam

2 and sodium temperature of 350°C

-10

generator surface area of 2.8 x 108 cm

(Table V.2-5) the permeation rate is 1 Ci/day (2.0 x 10
6

mo1esAT2/sec)

6

if the T2 pressure is 1.4 x 107° torr, or if the HT pressure is 2.8 x 10~

torr (Egn. (3)).
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Table V.2-5

Steam Generator and Intermediate Heat Exchanger Parameters

Steam Generator THX Steam Generator
(19 Sodium Loop) (Li-to-Na) (20 Sodium Loop)
o . Steam 2850 (1000 psi) - 2852(1000 psi)
Temp. (°C) Sodium 350 3500 350
Lithium - 350 --
Area of tubes (m) 28,000 2,500 4,900

Wall material Zircaloy Zircaloy Zircaloy
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Solutions of hydrogen in liquid sodium obey Sievert's law. Sievert's

constant is effectively temperature-independent in the 337 to 40400 range,

1/2 (27)

and has a value of 4.6 ppm/torr Therefore, a hydrogen isotope pressure

of 1.4 x 10'6 torr corresponds to only 5.4 x 10'3 ppm hydrogen or 1.6 x

10'2 ppm tritium in sodium at 350°C. If it is assumed that 0.1 g of

5

tritium leaks into the primary sodium loop (1.0 x 10° kg) per day (due

almost solely to permeation from the reactor chamber),the 1.6 x 10'2 ppm
level will be reached in only 16 days (or in 160 days for a 0,01 g/day leakage
rate). Thus, it appears necessary to insert a tritium extraction unit in
the sodium system.
To maintain sodium in a state of high purity the cold trap is used

(28)

almost universally. Cold trapping action depends upon the decreasing

solubility of impurities with decreasing temperature. The cold trap is

3)’(29w31)

designed similar to those in EBR-II (volume = 1.1 m With a

cold trap temperature of 115 to 1170C, the hydrogen concentration has been
lTimited to between 0.06 and 0.08 ppm.(39) This system is not 100% efficient
as the temperature dependence of hydrogen solubility in sodium,given by the

expression (27)

S _ 3023
log ny (ppm) = 6.467 - = , (4)

gives an expected hydrogen concentration of 0.047 ppm at 115°C.  This

type of efficiency, 1/2 - 3/4, has been observed for hydride cold-

(32,33)

trapping in other large circulating sodium systems though increasing
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the sodium residence time in the cold trap gives higher efficiencies_(28’34)
However, it is assumed that the hybrid has a cold trap operating

at 115°C which maintains the hydrogen concentration < 0.06 ppm with a
sodium residence time in the cold trap of -~ 15 min. Tritium should be
precipitated with the other hydrogen isotopes in the same ratio as they

(34) Therefore, to maintain a tritium concentration of

exist in solution.
0.016 ppm equivalent to 0.0054 ppm of hydrogen or a total of 0.81 moles of

tritium in the sodium, there must be 11 times as many moles of hydrogen and

deuterium as tritium,or for the 0.033 mole T/day (0.1 g T/day) entering the
sodium there must be 0.36 mole of H and D/day entering the sodium.

If 0.033 mole T/day permeate from the reactor chamber, three times as many
mole of deuterium or 0.1 mole of D/day (0.2 ¢ D/day) will also enter

the sodium by permeation through the first wall so 0.26 mole of H must

be added to the sodium per day. This is equivalent to 0.26 g/day which is
on the order of the amount of hydrogen found entering the sodium in EBR-II/

(17,30)

day from sources such as steam corrosion of the steam generator components,

neutron activation of reactor materials, proton emission during fast fission,
impurities in the sodium cover gas, and various other sources. In Phenix(33)
6 g/day of hydrogen enter the sodium. Therefore, it appears that the quantity
of hydrogen routinely entering the sodium will control the tritium concentration
to acceptable levels. If less hydrogen than expected enters the sodium, the
quantity necessary to control the tritium level could be injected into the

sodium. Evidence that this cold trapping scheme is feasible for tritium

control is shown by the results of EBR-II which show typical concentrations of
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6

tritium in the EBR-II primary and secondary sodium systems of 2 x 10~ to 1 x 10'5

7 05 x 1077 (35)

ppm and 1 x 10~ ppm, respectively.
The secondary sodium loop is also purified by passage through a
cold trap. Due to the low tritium pressures in the 1ithium in the caps

(4.5 x 10711

torr),little tritium is expected to permeate to the secondary
sodium loop in any case.

Due to the large sorption capacity of zirconjum for hydrogen isotopes,
even at very low pressures, there is an inventory of tritium in the zircaloy
structure and this inventory increases as a function of time until thermodynamic
equilibrium is achieved. Calculations were made to determine the equilibrium
quantity of tritium in the structure, despite the fact that the rate of approach
to thermodynamic equilibrium for the conditions found in SOLASE-H is unknown.
The simplifying assumption was made that the tritium inventory was due solely
to the tritium pressure above the 1iquid lithium and the tritium pressure
exerted by the plasma on the first wall, as surfaces in contact with the sodium
are expected to be oxidized and represent tritium barriers. The solubility
of tritium in zirconium can be extrapolated from data given in reference (36)

and follows the equation:

log (—S{wppm) y 5 pg 4+ 3000 (5)
VP (torr]/z) T

The parameters used in the tritium inventory calculations are given in

Table V.2-6, along with the results of these calculations. Therefore, the
structural tritium inventory is expected to be on the order of a kilogram.
It should be emphasized that these calculations do not take 1into account

any kinetic phenomenon.
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Table V-2.6
Tritium
Temperature Zircaloy Pressure Tritium
Component (°c) (tonne) _(torr) (ka)
First Wall 500 9 2.3x10‘5(T2) 1.07
1.5x10”%(DT)
Zones 11 & IV 350 28 4.5x107 11 0.02
Zone VI 200 36 ~ 2.5x10713 0.06
Top & Bottom 350 85 4.5x10° 1] 0.06
Blanket Structure
1 HX 350 16 4.5x10" V! 0.01

(Li-to-Na)

Total Structural Tritium Inventory A 1.22
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Structural Considerations of the First Wall

The successful design of a laser fusion hybrid reactor first wall

presents a difficult challenge to the structural engineer. A bare, un-

protected wall is subjected to severe thermal and mechanical loads,

among them:

First Wall Loads

Reflected laser light from pellet
Pulsed X-rays from TN pellet burn

Ion bombardment from pellet debris
Pulsed neutron irradiation

Pressure shock wave from pellet blast

Fluid pressure from sodium coolant

* Dead weight of structure

Thermal cycling from scheduled shutdowns

The response of the first wall to these loadings can be described as

either a material or structural response.

Material Response

+ Temperature response

Swelling
Irradiation Creep
Thermal Creep
Embrittlement
Transmutation

Sputtering
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Blistering

Spallation

Evaporation

Changes in fracture toughness
Changes in fatigue 1life

Changes in elastic and thermal properties

* Corrosion

Structural Response

Thermal stresses

* Mechanical stresses

Stress-wave propagation

* Deformation (strain)

* Ablation

* Fatigue crack growth

Fracture

* Crack "leak-through"

Creep rupture
Buckling

Induced radioactivity

When the pellet design is fixed, for example, at: yield = 310 MJ, repetition

rate =

4 sec'], then the structural engineer has the task of choosing an

appropriate set of design variables which satisfies the imposed performance

criteria. These design variables include:
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First Wall Design Variables

* Choice of material (metal, ceramic, other)
* Thickness

* Geometry (flat, cylindrical, etc.)

* Degree of constraint (free, fixed, ...)

* Operating temperature

* Distance from pellet blast

* Coolant pressure

* Protection methods

Performance Criteria

* Will it work?

* Will it last long enough?

* Will the cost be acceptable?

* Is it safe enough?

* Is the industrial capability and data base adequate?

* Is the resource availability adequate?
To complete the picture, the structural engineer should then evaluate the
different methods of protecting the first wall, for exampie:

(1)

First Wall Protection Schemes

Charged
Laser Particle
Light X-rays Debris Neutro
* Gas protection(z’B) - v 4 -
* Magnetic protection(4) - - 4 -
* Wetted wa11(5) v v v -
* Flowing liquid metal curtain(G) v Y v v
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To include all of the phenomena 1listed above would
clearly be beyond the scope of this report. In fact, there is no unified
analysis of first wall structural design in the Titerature today.
However, two excellent reviews of these problems have recently been
published by Ku]cinski(]) and Conn.(7) In addition, Daenner and Reader(s)
have developed a computer code FWLTB (First Wall Long Term Behavior) which
"combines nonstationary thermoelastic analysis of the wall with long
term variation of the material performance characteristics”. This computer
code FWLTB appears to be a major contribution to the unified treatment of
first wall design.

V.3.A. SOLASE-H First Wall Geometry

The first wall and blanket structure is shown in Fig. ¥,3-], Global
buckling of the structure due to its own dead weight is prevented by the
cellular blanket design, i.e. circumferential shells intersected by radial
rib dividers. The scalloped, cylindrical shell geometry of the first
wall was chosen primarily to resist the sodium coolant pressure loading of
100 psi (see Figure V,3-2). With a 2 mm thick wall and a radius of
curvature of R = 12.0 cm, the tensile hoop stress, uniform across the
section, is given by:

_ PR
%hoop ~ "t (1)

- (100)(120)

6000 psi .
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As will be shown, this hoop stress of 6000 psi is small compared to the
thermal stresses. The closest distance of the first wall to the pellet blast

is 6 meters.

V.3.B SOLASE-H First Wall Protection Scheme

In order to protect the first wall, the laser cavity is filled with either
1/2 or 1 torr of xenon gas. Hunter(3) has shown that the surface
temperature response from photons is substantially reduced by this. Like-
wise, the ATS from ion deposition is reduced by a factor of -~ 2. Finally,
Hunter states that displacement damage (dpa) is also significantly reduced.
Without gas protection, the temperature rise of a bare, stainless steel first
wall from a 100 MJ yield shot is sufficient to begin melting a first wall placed
at a distance of 8 meters from the pellet b]ast.(7) Clearly, this would be
unacceptable.

In a typical pellet blast, about 30% of the total yield appears as kinetic

energy of photons and charged partic]es,(]) the rest (70%) going into neutron
energy. Because the fast neutrons pass easily through the gas and first
wall, their effect can be neglected. A second, more important assumption is
that all of the remaining energy (30%) is deposited in the cavity gas.
Here we assume that no jons or X-rays reach the first wall and that no laser
light is reflected off the pellet. In this case, blistering and sputtering
of the first wall would not be a problem.

The ionization of the cavity gas and subsequent reradiation has been

described in another section of this report, as well as by Moses and Smatlak
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in (9). As the gas reradiates, a transient surface heat flux is produced

on the first wall, as shown in Fig, V.3-3. The peak heat flux is reached

0.2 msec after each pellet blast. A second but smaller peak is reached

1.1 msec after the blast, which is due to the arrival of the pressure

shock wave at the wall. The pressure generated is only 257 torr (in the 1 torr

Xe case) at the first wall and, therefore, generates negligible stresses (Fig. V.3-4).

V.3.C. Temperature Response

Given that the first wall is subjected to a transient surface heat flux
as described by Fig. V.3-3 one can then calculate the temperature response
for a given material. This is shown in Fig, V.3-5 for a zircaloy first
wall with a constant back surface temperature of 300°C. Clearly,the metal is
responding adiabatically as the temperature profile peaks after only 1.5 msec.
The steep gradient drops rapidly after this as the heat is conducted away
to the sodium coolant on the back wall. The gradient is nearly 1inear
for the remaining 200 msec of the total 250 msec pulse, with a difference
of only 65°C.

The most critical location of the first wall in terms of thermal stress
is at the surface facing the incident heat flux. In Fig. V.3-6 we have
plotted both the surface temperature Ts and the AT across the front and
back surface as a function of time for a single pulse of transient heat
flux (Fig. V.3-3). Here AT = TS-BOOOC. The temperature peaks after

1-6 msec and rapidly decreases to near its steady-state value after . 50 msec.

Figure V.3-7 indicates qualitatively the cyclic input and response.



V-55

0¢ 18Il 9l bl cl Ol 8

(d8sw) 3JIWIL

O 90 0 20

o9sw gg'| ul
- paiDIpDIaYy
PNL'ED

1104 262="P%y _ jjom ysu1y ey
— }D 9ADM 3unssaid JO |DALIIY

_ _ | !

_ _ _ _

30 ¥dOl

1

ALIAVO H313N 9 V NI
| OLNI d311S0d3a £ 96

L i o i

NON3X
40 NOIlvigvy 3y

e 1 i ~

(d9s-Wo/ry) XA14 1V 3H

Fig. v.3-3



(Ww) SSINMIIHL T1IVM

02 8| 9| A 2’|l ol 80 90 v 0 20 0
. | | | 0
| _ * _ _ |
| 00l
| 002
[~05008= IUNIVYIAWIL IONIYIAIH TIVM LSy
— 00¢
| o0ov
- | 295U o3 008
. Do6€0I = XVA) 009
oI - ‘XVW
7 206822 XYWLy oo
— 29 = SS1y 295 g
- ~7IYM LSHI4 AOTVIHIZ - 008
006
— ALIAVO W9 ¥ NI NON3X 40 401 € . .
sesu
= OLNI PW 96 WOM4 A9N3INI Q3LVIAVNIN Gl
- OL 3SNOJS3¥ 3JYNIVYIAWIL TIVM 1SHId ool
| | | _ _ _ | | | 002

(De) 3UNLVHIAJNIL

Fig. V.3-4



V-57

(02)°5L

00¢

oov

006S

009

00L

008

006

000!

0O0ll

Josw .ME_.—.
002 0010502 8 91 I 20 O 8 9 v 2

rrrr—r—— 11 1+ 1+ 1 "1 ‘I &I 1

T ////
— \
/ // \

S~ -~
NON3X 4404 T T T T~
~./

NON3X 440] .N_m

— a13IA MAN 96
TIVM 1SHid
7331S SSIINIVLS WWi ———

SVO NON3X 4104 1

g13IA rKW 96

—1TVM 1Sdl4d AOIVOYIZ wwg —— SV9 NON3X 440) N\_

<— 3JNWIL "SA JHNLVYHIAW3TL 3JOVIHNS
JNIL sA C_oon_v._.ucc_o._:._. ) |

002

00¢g

(0]0) 4

006

009

004

008

(Je) LV

Figure V.3-5



' V-58

> TORR OF XENON, 6m CAVITY, ZIRCALOY
FIRST WALL

96 MJ INTO

H
o

'o2mm—> e

FIRST
WALL

—4

}
NN

n
o

FRONT BACK
REP. RATE = 4 Hz

\ \ \ 1

250 500 750
TIME (msec)

e

o
1

HEAT FLUX (kJ/cmZ-sec)

(@

1000 i
900 | | -
800 _
700 TFRONT B
600 |- |
500 |- -
400 |- 4
300

TEMPERATURE (°C)

200 |- TBACK —
100 — —

0 l L L
0 250 500 750

TIME ( msec)

Fig. V.3-6 SURFACE HEAT FLUX AND TEMPERATURE RESPONSE
OF ZIRCALOY FIRST WALL.



V-59

V.3.D. Structural Response

Now that the temperature response is known, the thermoelastic stresses
in the structure can be calculated. An important question to be asked is
whether or not stress waves will be generated by the rapid deposition of

(10)

energy. Both Hunter and De]essandro(11) have shown that no stress

wave will be produced if:

a) tr >> ty

and

b) tq >> ty

where: ty = thermal response time

ty mechanical response time

tq = measure of rate of heat flux.

From Fig. V.3-5 we see that ty 2 2 msec and from Fig. V.3-3 we find tq 0.2

msec. We approximate ty = §/c where & = characteristic length of temperature

rise and ¢ = speed of sound. From Fig. V.3-6 we find 6 % 0.3 mm and c ¥ 3000 m/sec,

so that
0.3 . -7
t,, = ' =2 10 ° sec
M 35108
= 10-4 msec .
Comparing: a) t; = 2 msec
b) tq = 0.2 msec
c) ty = 1074 msec .

We find indeed that tr >> ty and tq >> ty as required for no stress wave
to be generated. Physically, this means that the material is responding
much faster than the temperature changes and consequently the material is

not responding inertially. Therefore, spallation from a tensile reflected
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stress wave will not be a problem in gas protected first walls.

The thermal stresses were calculated by modelling the first wall as
a long, axially-constrained, thin-walled cylinder with the radial
temperature gradient as given in Figure V.3-4. In this case, the

thermoelastic hoop stress oe(r) is given by:(]z)

og(r) = ff;-fz [Eit:i f: Trdr + [:'rrdp - Trl 1
where: oe(r) = hoop stress

T(r) = radial temperature distribution

a = inside radius of cylinder

b = outside radius of cylinder

o = thermal expansion coefficient

E = Young's Modulus

v = Poisson's Ratio

The stresses calculated by this formula are shown in Figure V.3-7. 1In
this model, we have assumed that the reference temperature is 300°C for
zero stress in the first wall.

It can be seen here that the surface of the first wall which faces
the pellet blast sustains a large compressive hoop stress due to the
large temperature rise above 300°C. Alternatively, towards the back
surface, a small tensile stress is developed so that equilibrium of the
cross-section is maintained. The maximum stress occurs when the
temperature rise ATS at the surface peaks,at t = 1.5 msec after each
pellet blast.

The net stresses in the first wall, then, are a superposition of
the constant mechanical hoop stress from internal pressure and of the

variable thermoelastic hoop stress described above. The effect of
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adding a tensile 6000 psi mechanical hoop stress is to reduce the maximum
compressive stress and to increase the maximum tensile stress. Schemat-
jcally this is shown in Figure V.3-8. Using, then, the material properties
as listed in Table V.3-1, we have listed the composite maximum hoop
stresses for stainless steel and zircaloy first walls in Table V.3-2. A
few important conclusions are clear from this table:

1. The large value of jZL-for stainless steel makes it clearly

1-v
unacceptable because of large compressive thermal stresses which
exceed the yield strength by factors of 5-6.
2. Zircaloy is marginally acceptable because the maximum net compressive
stress exceedsthe yield strength by only 25 ksi in the 1 torr Xe case.
3. Increasing the xenon cavity gas pressure decreases the maximum
stresses.
With the temperature "spikes" that are produced in the SOLASE-H zircaloy
first wall, we would expect to develop cyclic plasticity in the regions
where g z_oy. With the number of loading cycles equalling 3.8 x 109 cycles per
30-year lifetime, the first wall lifetime may be controlled by fatigue crack
growth causing a "leak through" or fracture failure mode. Also, the
phenomena of irradiation and thermal creep will cause stress redistribution

in the first wall, thereby reducing the effective load-carrying cross-

sectional area which increases the maximum tensile stresses as a function

of time.
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Table V.3-1 Material Properties

E a k v o, (8400°C) Ea
. y 1-v

Metal (psi) (%) (W/cm’C) (psi) (psi/°c)
5.S. 28x10° 18x1070 0.173 0.33 50,000 756
Zr-2 11x10° 6.5x107° 0.125 0.33 30,000 107

Table V.3-2 Stress Summary

Maximum
AT Maximum Net Net Yield
Xe max Compressive Tensile Strength
Metal Pressure at surface Stress Stress gy(@400°C}
S.S. 1/2 torr 390°C -262 ksi 36 ksi 50 ksi
S.S. 1 350 -235 33 50
Ir=-2 1/2 740 - 65 14 30

Ir-2 1 630 - 55 13 30
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Stainless steel is a poor first choice because of its large modulus
E and expansivity a. Other materials rate even better than zircaloy when
compared on the basis of a figure of merit for thermal shock stresses (Table

¥.3-3). Delessandro has proposed(l])

= SEIE§£1:21-= figure of merit
Eav/B
where: E = Young's modulus
a = thermal expansion coeff.
B = thermal diffusivity = B-C'f-
Ot = ultimate strength

K = thermal conductivity
v = Poisson's ratio
The larger value of "f" is preferred. Clearly, SiC and graphite appear to
be better choices with respect to minimizing thermal stresses. Their use has

been studied by Hopkins for inertial confinement reactors(]4)

(15)

and by Bourque
for magnetic confinement reactors. Graphite blocks attached to an S.S.

or zircaloy first wall may be a better design,

Table V.3-3 Thermal Shock Stress F{gure of Merit(11)

Figure of
Material Merit Preference
SiC 18.7 1
Graphite 18.2 2
Zircaloy 14.2 3
Stainless Steel 0.6 4
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V.3.E Summary and Discussion

The structural analysis of the SOLASE-H first wall has been described
in this section. The basic model assumed that 100% of the energy of the
photons and charged particles was deposited in the 1/2 Torr of xenon
cavity gas. This gas then reradiates, providing a transient surface
heat flux which, in turn, produces a large temperature pulse in the
surface layer of the first wall. The rise time of the temperature "spike"
is a relatively slow 1-2 msec, which permits the use of a quasi-steady-
state stress analysis. A 2 mm thick zircaloy-2 first wall was chosen
because of two important reasons. First, in comparison to stainless
steel, zircaloy-2 has substantially reduced thermal stresses. A simple,
thermoelastic stress calculation gave the maximum net compressive stress —
as -65 ksi and the maximum net tensile stress as 14 ksi for the 1/2 Torr
Xe case. Fortunately, these maximum stresses only last a few milli-
seconds. The quasi-steady-state stresses are -1 ksi and +7 ksi, respectively,
for typically 90% of the time in one pulse.

The second reason zircaloy-2 was chosen was to minimize mass transfer
of corrosion products in the hybrid blanket, which contains Zr-2 clad
fuel rods.

The stresses from the pellet blast-induced pressure shock wave were
found to be negligible.

Because all of the charged particles were assumed to be stopped
in the cavity gas, there will be no sputtering, blistering or spallation

of the first wall. Evaporation will be minimal because the peak surface
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temperature is only ~ 1100°C. The effect of thermal creep may be
significant in the way stresses will redistribute as a function of
time (# pulses). Further work is proceeding in this area.

Effects that were not considered in this section include: irradia-
tion creep, swelling, embrittlement, creep rupture, fatigue crack growth,
fracture, cyclic material property changes and buckling., Clearly, much
work is still needed to model these phenomena in a self-consistent and
integrated manner.

V.3.F Conclusions

The design philosophy for the SOLASE-H blanket and cavity was to
investigate the possibility of using an inert cavity gas to protect a
bare metal first wall. Some important conclusions can be listed for the
case of cavity radius = 6 meters, yield = 310 MJ, rep. rate = 4 sec_],
gas pressure = 1/2 Torr xenon, 2 mm thick zircaloy-2 first wall:

1. Transient thermal stresses are large and compressive on the

surface facing the pellet blast.

2. The response time of the cavity gas reradiation is slow enough
so that no stress waves will be generated from energy deposition
in the first wall.

3. The stresses from the pellet blast overpressure shock wave are
negligible.

4. Increasing the cavity gas pressure from 1/2 Torr to 1 Torr will
decrease the thermal stresses by . 15%.

5. Reducing the pellet yield will reduce the thermal stresses,

6. The first wall thickness has very 1ittle influence on the maximum

thermal stresses because the pulse width of the transient surface
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heat flux is ¥ 0.5 msec, producing a temperature rise that

decays spacially by a factor of 8 over a distance of 0.3 mm.

This contrasts with the design of a tokamak, where the first

wall thickness is directly related to the steady-state heat flux.
7. The large temperature variations may activate thermal creep,

causing relaxation of compressive stresses and growth of tensile

stresses.

8. Non-metals such as SiC and graphite may give better performance

due to their higher melting points and lower thermal stresses.

Therefore, to improve the lifetime of a bare metal first wall, the
cavity gas pressure should be increased and the pellet yield decreased.
Also, the wall thickness should be increased to reduce the hoop stress
from the sodium coolant. Finally, other metals with Tower values of E
(Young's modulus) and o (thermal expansion coefficient) should be in-
vestigated.

In closing, the use of a xenon cavity gas protection scheme with a
bare, zircaloy first wall appears to be a feasible design concept for a
laser fusion hybrid reactor. Lifetime determination must await the
development of more sophisticated models for irradiation effects on material

and structural response.
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V.4, Thermal Hydraulic Considerations

A schematic diagram of the SOLASE-H cavity is shown in Fig. V.1-1.
The cavity is an upright circular cylinder 6 m in radius and 12 m high
with spherical end caps. The cylindrical portion of the cavity is
surrounded by the fuel producing radial blanket while the end caps are used
for tritium production. The fertile material is contained in standard
(17 x 17) PHR fuel assemblies stacked in three layers around the cavity.

Directly behind the first wall of the radial blanket are pins of Pb
clad in zircaloy followed by the breeding zone (Fig. V.1-2). The lead serves
as a neutron multiplier to enhance the fissile production rate. The zone
containing the LWR assemblies is surrounded in the front and rear with pins
containing Li. These Li zones both breed tritium and filter thermal neutrons
that might otherwise diffuse into the fuel assemblies and induce fission
(Section II). Behind the LWR fuel zone and its Li filter is a Pb and carbon
reflector. The reflector is followed by an outer Li zone to capture any
leaking neutrons.

The radial blanket is cooled by sodium which enters at 300°C and leaves
at 350°C except for the reflector and outermost tritium breeding zones which
are helium cooled. One of the primary difficulties in designing the cooling
and power systems for hybrid reactors with stationary blankets is the fact
that the blanket multiplication increases significantly as the fissile
content of the blanket builds up. For SOLASE-H the energy multiplication
in the cylindrical blanket increases from an initial value of 1.57 under
clean conditions (zero fissile content) to about 5.00 when all the assemblies

reach a fissile content of 4%. The corresponding power swing for the entire
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reactor (radial and axial blankets combined) would be from about 1600 to
3700 MWt. These values assume that 70% of the fusion power is carried away
by the neutrons and that 70% of these neutrons are intercepted by the radial
blanket; an energy multiplication of unity is assumed for the axial blankets.
Larger power swings can take place in U/Pu systems with high fissile content.
These power swings are obviously undesirable inasmuch as the cooling and
power systems would have to be designed to accommodate the highest power output
and will operate "full capacity" for only a small fraction of the time.

The economic penalty associated with the overdesign problem along with these
cyclical variations of power on grid design make it necessary to devise a
fuel management scheme which would minimize these power swings without
significant effect on plant availability. The thermal hydraulic parameters
for the equilibrium cycle of SOLASE-H are discussed below.

V.4.A. Equilibrium Cycle for SOLASE-H

In order to reduce the power swings resulting from variations in the
fissile content of the blanket, a fuel management scheme is devised so that
25% of the fuel inventory reaches the final enrichment (4%) and is removed
at the scheduled shutdown time. This fuel is replaced by fresh fuel assemblies
so that at the beginning of the equilibrium cycle there would be four batches
of fuel in the blanket with average enrichment of 0, 1, 2, and 3%. Each of
these batches is equal to 25% of the fuel inventory. At the end of the equilibrium
cycle the average enrichments would be 1, 2, 3, and 4% respectively. Since
the blanket multiplication varies nearly linearly with time, its values at
the beginningand end of the equilibrium cycle will be 2.86 and 3.72 respectively.

The corresponding power swing for the entire reactor is 2400-2900 Mit,
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i.e. the thermal power output of the reactor will vary by approximately
+10% from its average value of 2650 MWt. The equilibrium cycle is reached
after about 2 years of continuous operation from startup (0.75° time to
reach 4% enrichment). Power values at different times are Tisted in

Table V.4-1.

V.4.B. Power Distribution in SOLASE-H Blanket

In addition to the temporal variations in the thermal power output of
the reactor, the power density (W/cc) in the radial blanket varies radially
and axially. The radial variation is caused by flux attenuation while the
axial variation results from the isotropic point source at the center of
the cylindrical cavity. Table V.4-2 1ists values of the power generated
within the different zones of the radial blanket for the clean condition
(time=zero) and for the beginning and end of the equilibrium cycle; these
values have been integrated over the entire length of the blanket (12 m).
These values assume that except for the fuel region, the power generated
within the different zones remains unchanged as the enrichment builds up
in the fuel assemblies. Zones 1 thru 8 are sodium cooled with inlet and
exit temperatures of 300 and 350°C respectively. The sodium flow rates and
average velocities in the different zones are given in Table V.4-3. These
values are somewhat lower than those encountered in LMFBRs; the highest
value is only 6.5 m/sec and occurs in the fuel zone at the end of the
equilibrium cycle.

The coolant velocity distribution within the fuel zone is given in
Table V.4-4. These values are computed using the radial power distribution

shown in Fig. V.4-1. The axial distribution is assumed to remain unchanged.



V-73

Table V.4-1

Power Variation for SOLASE-H

Initial Thermal Power 1610 MWt
(clean conditions)

Initial Blanket Multiplication 1.57
Equilibrium Cycle Power
- Initial 2390 MWt
- Final 2920 MWt

Equilibrium Cycle Multiplication

- Initial 2.86
- Final 3.72
Average Thermal Power 2655 Mt

Percent Variation +10%
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Table V.4-2

Power Distribution Within the Radial Blanket

Zone #

10.

First Wall
Neutron Multiplier

Lithium Filter
(front)

Back HWall
(front)

Fuel Zone

Back Wall
(rear)

Lithium Filter
(rear)

Support Wall
Reflector

Quter Lithium Zone

Thickness

gcmg

0.

1

2.

21.

10.

70.
13.

*Equilibrium Cycle Values

2
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 Power, (MWt)
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——— 4,66 ——>
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Table V.4-3

Sodium Flow Rates and Average Velocities in
Radial Blanket Zones

Na Flow Rate (kg/sec) Na Av. Velocity
= * * = * *
Zone # Y0 Yinitialt Yfinalt F0 tinitia1” trinai(™
2. Neutron Multiplier e 2.72x103 > ¢ 4.34 ———
3. Lithium Filter e 6.38x10° y ¢ 3.87 ———
(front)
5. Fuel Zone 8.40x10°  2.05x10% 2.85x10%  1.92 4.68  6.51
7. Lithium Filter e~ 1.31x10° N pa 2,12 —
(rear)

*Equilibrium Cycle Values

Table V.4-4

Coolant Velocity Distribution Within Fuel Zone

Coolant Velocity (m/sec)
*

Zone Thzgg?ess Ar£;°?;m2 0 tinitial Lfinal"
5.1 front) 3.0 6.87x10° 3.10 7.55 10.5
5.2 6.87x10° 2.56 6.24 8.68
5.3 6.93x10° 2.13 5.19 7.22
5.4 6.99x10° 1.79 4.36 6.07
5.5 6.99x10° 1.54 3.75 5.22
5.6 l 7.04x10° 1.34 3.27 4.54
5.7 rear) 3.4 7.99x10° 1.19 2.90 4.03

*Equilibrium Cycle Values
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The maximum value occurs in the front region of the fuel zone at the end of
the equilibrium cycle and is equal to 10.5 m/sec. Orificing will be used to
tailor the velocity distribution within the blanket while the temporal
variations in power will be accommodated by varying the pump speed. The
frictional pressure drop along the stacked fuel assemblies can be computed
directly from the average velocity values given in Table V.4-4. These
pressure drops are tabulated in Table V.4-5, The overall pressure drop
within the radial blanket will be nearly equal to the frictional pressure in
the front zone, hence, the maximum pressure drop is equal to ~240 psi. This
means that the blanket inlet pressure will be approximately 250 psi. The
hot sodium leaving the blanket at ~10 psi will be pumped through the
intermediate heat exchanger before returning to the blanket. The pumping
power corresponding to the maximum pressure drop in the blanket is equal to

48 MWe.

Table V.4-5

Frictional Pressure Drop Along Fuel Assemblies

Thickness Pressure Drgp (psi)

= *
Zone {(cm) t=0 tinitia] tfina]

5.1 (front) 3.0 28.9 137.0 244.0
5.2 20.6 98.1 174.9
5.3 15.0 71.1 126.7
5.4 11.0 52.4 93.5
5.5 8.5 40.3 71.8
5.6 J 6.6 31.7 56.3
5.7 (rear) 3.4 5.4 25.7 45.7

*Equilibrium Cycle Values





