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A LASERFUSION ROCKET
FOI INTERPLANETARY PROPULSION

Roderick A. Hyde
Special Studies Group
Lawrence Livermore National Laboratory
Livermare, CA 94350

Abetract

A 1acket powered by fusion microexple: .ons is well suited
for quick interplanetary travel. Fusion pellets are sequen-
tially injected into a magnetic thrust chamber. There,
focused energy from 3 fusion “Driver” is used to implode
and ignite them. Upon exploding, the plasma debris cz-
pandsinto the surrounding magnetic field and is redirected
by it, producing thrust. This paper discusses the desired
features and aperation of the fusion pellet, its Driver, and
magnetic thrust chamber. A rocket design is presented
which uses slightly *ritium-enriched deuterium as the fu-
sion fuel, a high temperature KeF* [cser as the Driver,
and a thrust chamber consisting of a single superconduct-
ing current loop protected frum the pellet by a radiation
shicld. This rocket can be operated with a power-to-mass
ratio of 110 W gm ™", which permits missions ranging from
occasionsl 9 day “VIP™ service to Mars, to routine 1 year,
1500 ton, Plutonian rargo runs.

A high performance racket must have both a large ex-
hanst velecity and a low mass pawerplunt. Present vehicles
lack enc or butliof these attributes. Nuclear pulsed propul-
sion', permits a rocket to meet both these goals. Nuclear
furl makes it encrgetically feasible Lo vject propellent with
Ligh exhanst velocity. By burning this fuel explosively,
pruduction of energy and thrust can be substantially de-
coupled from the vehicle. Thus, the rocket operates with a
high power-to-mass ratio, combining its fuel-efficient high
exhaust velocily with the acceleration required for short
trip-times.

The advantages of nuclear pulsed propulsion for space
travel have been realized for a long time. Projects in-
itiated in the late 1950's, intended to use small nuclear
bombs to propel spaceships. In “Orion”, thrust would
be produced when the nuclear debris hit a pusher plate,
while in “Helfios” the explosion was Lo be contained within
u blast chamber, with the propellent expelled through a
nozzle. The difficulty faced by these efforts, which ul-
timately led to their demise, was that they had to use
fission energy to drive their explosions. This required fairly
large pulse-units, und led to prablems concerning the ac-
quisition and subsequent release of fissile material. When
lasers were invented, it was very quickly realized that they

could, in principle, provide the pulsed power required to
initiate small fusion explosions. Since this would aveid
both of the difficultics Faced by the traditionally-initiated
nuclear pulsed propulsion programs, laser-iuiliated fusion
was proposed for use in rockets.>* At the time, however,
{asers were clearly incapable of celivering the required 3
mounts of energy and power.

By the start of the 1870's, pragress in high power laser
and particle beam techaology led to the initiation of pro-
gramns to develop inertial confinement fusion, “ICF", for
terrestrial powerplants. It also led to renewed inerest
in inertial fusion rockets, “[FR"s. Rocket designs were
presented®, which used ICF micraexplosions with Orion
and Helios style thrust chambers. flowever, the use of
smaller explosions pe: mitted the introduction of magnetic
thrust chamber designs®®7. In these concepts, a fusion
pellet is exploded within a magnetic nozzle. As the resul-
tant pellet debris expands, it is controlled by nugnetic
fields, and expelled by them from the thrust chamber. This
produces thrust, while preventing the pellet debrix from
physically hitting the rocket.

An inertial fusion rocket consists of thiee major systems:
the fusion peller, the “Driver” which implodes and ignites
it, and the thrust chamber that uses the micro-explosion to
produce thrust. In this paper, we will discuss the principles
benind these systems, and some of the optins available
in the design of an interplanctary IFR. Accompanying the
general discussion, will be the presentation of a particular
rocket design. The schematic layout of this vehicle is shown
in Fig. 1, and a summzry of its mass {using metric tons)
in Table 3. This rocket will carry 1500 ton payloads with
average trip-times of B weeks to Mars, 3 months to Jupiter,
and 1 year Ls Pluto; and allow *VIP" trips lasting less than
one half as long,

Fusion Pellet

The energy source which drives an IFR is the fusion pel-
let, so design of a rocket starts with that of the pellet. The
physical processes involved in the implosion »nd burn of
fusion pellets have been recently reviewed %! Dasically,
energy from a “Driver” is deposited in the outer layers of
the pellet. As this outer material is ablated, the inner por-
tions of the pellet are imploded, in a process similar to an
inward driving spherical rocket. As the implosion stagnates
in a well designed pellet, two conditions are met. Thereisa
large amount of highly compressed fuel - measured by the
density-radius product pr—, and 5 central partion of the
pellet is heated to thermonuclear ignition temperature, As
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fuel burns, the energy generated is used to heat and ignite
more Mel. Hence, a thermonuclear burn front propagates
radially outward through the compressed fuel. Eventually
the hot fuel rarefics, glenching the burn. The fraction of
fuel burnt prior to this depend: on the pr value achieved
by the implosion.
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Fig. 1

Three properties of the pellet are of interest in racket
design. The mass of the Driver system is governed by
the amaunt of energy required to implode the pellet. We
want pellet designs that maximize the gain, i.e., the ratio
of nuclear energy produced to Driver energy required. In
addition to the total ontput of the pellet, we are concerned
with its distribution among x-rays, neutrons, and charged
particles. The energy deposited in hot plasma can poten-
tially be converted to thrust by s magnetic noszle. The
energy carried by neutrons and x-rays cannot be influenced
in this way and will, il intercepted by the thrust cham-
ber, cause vehicle heating. Disposing of this hest with
radiators will degrade the rocket’s power to mass ratio.
Hence there is interest in pellets which deliver most or all
of their energy in the form of hot plasma, and little or none
of it as neutrans or x-rays. Finally, we must consider the

(Y

cost of the pellets, which can be governed by the cost and
availability of the fuel.

When sclecting a fuel, we must consider the following
four thermonuclear reactions:

Table 1 Fusion Reactions
D+T — He'(35) 4n(141)
D+D — T(101)+p(3.03)
D+D  — He®(0.82) + n (2.45)
D+He® ~ He' (3.67)+p{1467)

Here, the numbers in parentheses are the product ener-
gies in Mev. Deuterium is indicated by D, and tritium by
T. There are three possible [uels: DD, DT, and DHe®. The
DT reaction ignites at the lowest temperature, and main-
tains the largest burn rate at all reasonable temperatures.
Unfortunately, most of the energy is carried off by an ener-
getic neutron. The two DD reactions burn at similar rates
to each other, but their sum is worse in ignition tempera-
ture and maximum burn rate than DT. While direct DD
burn releases relatively little energy, it produces T and
He® which promptly burn with another D. The net result
in energy per mass is essentially the same for all three
fuels. The DHe® reaction burns roughly as well as DD; it's
harder to ignite but burns faster once fit; both fuels are
worse than DT. All the energy from DHe” is in the form
of charged particles, and js thus potentially useful. Of the
three constituents, only D is reasonably inexpensive, It has
a cost of = 0.20 $gm™". By contrast, the cost of T is =
7000 $ym™". The standard source of He? is currently the
decay of T, leading to the same price, although this might
be lowered if usefully large lodes of He' with above natural
He® fractions could be mined.

The rocket discussed in this paper uses a pellet cantain-
ing 15 mg of fuel, and detonates 100 pellets per second.
The fuef cost is then 0.30 $sec™ with DD fuel, and 6000
$.2c™" for DT; DHe" may cost somewhat less than DT.
This argues very strongly for DD fuel. Nevertheless, the
Dacdalus study” felt that the ad rntaces of DHe' were
silficiently compelling to foree its use; and in order to ob-
tain an extensive supply proposed mining the Jovian at-
mosphere. The potential advantage of DHe® which can
justily the difficulty of obtaining it lies in the absence of
non-charged burn products, and hence drastically reduced
vehicle heating, rather than in the potential two fold in-
crease in thrust-producing output relative to a DD pellet.
However, neither the substantial thrust increase noe the
orders of magnitudg vehicle heating decrease will actually
occur.

Examination of the fusion reactions of Table 1 shows
that all four reactions will occur to a significant extent
in pellets using any of the three fuels. In particular, DD
self-burn within a DHe? pellet will account for = 15%
of the reactions. Half of these reactions directly produce
s neutron, in the other half 3 T s created, which will
promptly burn with another D and hence also produces a
neutron. So the difference in reactions and products is only
one of degree, with neutron generation diflering by less
than an order of magnitude between DD and DHe' fuels.
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Next, note that in order to burn elliciently, the pellets will
havea pr =2 1020 gmem ™™, This is larger than the range
nf the most penetrating neutrons produced in the reactions,
which is = 5 gm rm~*. Hence the energetic neutrons from
DD or DT pellets will have their energy largely deposited
within the pellet. This reprocessing of neutron energy
raizes the useful encrgy fraction of DD and DT pellets,
remaving the substantial thrust advartage potentially held
by DHe®, But the potential orders of magnitude reduction
in harmful crergy does not occur either. As mentioned
carlier, there are DT reactions within DHe® uel. The 14
M v neutrons produced in these reactions must be stopped
il DHe® is to hold a massive vehicle heating advantage.
But as noted, their seattering distance is = 5 gm em™; a
cubstantial fraction will escape from a oellet before being
thermalized. Furthermore, neutrons resulting from either
DT or DD burn that are slowed down within the pellet
undergo capture by He'. This reaction yields a T. Even
thaugk. this capture occurs primarily in the outer regions
of the compressed pellet, the high DT burn cross-seetion
insures that most such T will burn. This burn produces
anew I Afev neutron, which starts its escape attempt
clozer to the edge of the pellet. So the neutrons created
from the iuitial DD reactions will, despite some thermali-
zation, ultimately escape the pellet. While such neutrans
will carry off a2 2 — 55 of the cnergy from a DHe? pellet,
thercky negating the hoped for orders of magnitude im-
provement in vehicle heating, there is an even larger source
of harmful radiation. At the == 10C kev temperatures at
which DD and DHe? pellets burn, there is copious produc-
tion of rnergetic x-rays due to bremmstrahlung. This oc-
curs regardluss of the fuel, and is actually slightly worse
for Dile? than for DD. For the pellet used in this study,
151G of the energy produced eseapes as x-rays.

For the above reasons, I do not foresee 3 substantial
advantage to using DHe? fuel In pellets. Accordingly, the
economic argument prevails, and DD fuel should be used.
However, there is still the difficulty of igniting DD relative
to DT. If the Driver is required to hight DD, its mass
znd complexity will escalate drastically. Hence we are
sompelledt to employ some tritium in the pellet in order
to fucilitate ignition.

In this paper we'll consider a pellet with the charac-
teristics shown in Tuble 2. About 64% of the energy
is released in a uscful form. Amang the harmful encrgy-
carrying species are 4 rays. They are created by (n,7) reac-
tians, as nentrons leaving the pellet core travel through a
high % tamprr which was employed to aid the implosion
and Lo tzamp the burning fuel. These # rays only account
for a small fraction of the total pellet energy, but Lhey are
penetrating radiation, and will cause shielding problems if
superconductors are used in the thrust chamber. We will
also be concerned with the amount of tritium used in the
pellet. This amounts to 340 kgyr~! for a single rocket.
By current standards this is a huge amount of T. Inertial
fusion rockets will by definition only be used after ICF
becomes a reality, so one might assume that T will be ac-
quired from terrestrial ICF reactors, However, this delays
the advent of rockets relative to initial ICF success by a
time-scale characteristic of the utility industry rather than
that of acrospace. The [FR discussed here will be designed

to produce its own T this will he seen to Lave important
implications concerning vehicle hrating.
Table 2 Pellet Churacteristics

Driver Energy 2MJ

Peak Power 200 TW
Plasma 1220 MJ
X-Ray 330 MJ
¥-Ray 39 uMole
Neutron 380 MJ
1.3 mMele
D Used 15 mg
T Used 36 pMole

Thrust Chamber

The primary purpose of the thrust chamber is to canvert
the energy from ICF pellets into vehicle thrust. In addition
to this chore, it must acguire tritium . ¢ use in subseqient
pellets, and must generate the power used to operate the
fusion Driver.

By virtue of their gain, inertial fusion pellets can serve
as an exccllent energy source for 3 rocket. The energy
which they produce is much greater than that invested to
implode and ignite them. Hence, the Driver technology can
have ordinary specific mass characteristics, since the power
which it must handle is much less than that generated
by the pellet. As long as this energy can be effectively
converted into thrust, we can field a very high perfurmance
rocket. However, since this conversion system handles the
full pellet power, it must do so efficiently and with low
specific mass.

It has been recognized for 3 Jong time®®7 that the best
way to convert ICF energy into thrust is by directly ex-
hausting the pellet debris through a magnetic nozzle. Indi-
rect conversian—such as using the micracxplosion to gen-
erate electricity which then feeds an ion thruster— in-
serts systems into the primary power stream which have
low specific mass, and whose inefliciencies generate waste
heat which must be rejected. As long as the direct mass
of the magnetic nozzle can be kept small, it offers much
lower specific mass; since it allows power-to-thrust con-
version with very little waste heat generation. The use-
ful component of the pellet output, i.c., the hot plsma,
dissipates essentially no waste heat in the vehicle during
its interaction with it. The magnetic field redirects the
plasma without allowing it to directly contact the vehicle.
Note that although this conversion process may not be
100% efficient, leaving the plasma exhaust incompletely
callimated, the entropy stays in the exhaust stream and
does not have to be dispnsed of by the rocket. If su-
perconductors are used to generate the nozzle fields then
the only vehicle heating results from eddy current dissipa-
tion during the interaction; this is a small effect. Vehicle
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heating due Lo the harmful portion of the pellet output,
i.e. neatruns and x-rays, can be minimized by using a
Jargely transparent structure—one oceupying a small frac-
tion of the solid angle as seen from the microexplosion—
to generate the magnetic fields of the nozzle. Magnetic
nozzles also make the third task of the thruct chamber, the
generation of enough power to run the Driver with, trivial
through the use of induction coils. As the plasma expands
against the magnetic fields of the nozzles, flux changes oe-
cur which are readily exploited by induction pickup coils,
The electric power collected by the coils is then used to
cnergize the fusion Driver.

Magnetic nozales allow two of the tasks of the thrust
chamber to be fulfilled, while avoiding the waste heat gen-
eration which is usually the bane of high exhaust velocity
rockets. Huwever, we must still incorporate a tritium ac-
quisition system into our thrust chamber. Tritium will be
produced by the following two neutron reactions:

n+1i% = He' + T +478 Mev
n+ L’ — He'+T+n-247 Mev

The primary consequence of this tritium production is
that it requires the interception of neutrons from the micro-
explosion. The Li breeding blanket must handle enough
neutrans to ensure production of the 36 pmoles of tritivm
used in each pellet. In deing so, it wiil be heated by
the incident neutrons, by the accompanying x-rays, and
from the heat-of-reaction if the Li® process is used. Both
reactions should be used, as they access different portions
of the peliet’s neutron spectrum. The Li’ reaction has
a thresholl at 247 Mev, and is used to convert the un-
thermalized DT neutrons into tritium. The Li® reaction
has a high cross-section far thermal neutrons, but charges
48 Mer per event. Since not using these neutrons will
simply force the intercoption of more solid angle, with
the accompanying neutron and x-ray heating, this priceis
worth paying. In terrestrial fusion reactor designs, breed-
ing ratios, i.e., the ratio of tritium produced to neutrons
used, can be greater than one since all neutrons hit the Li
blanket. In a rocket blanket which intercepts only a small
fraction of the solid angle, the breeding ratio is smaller.
Many neutrons enter the Li, elastically scatter, and then
depart. As a result, when the blanket-shicld geometry
used in this study, which is shown in Fig. 2 and will be dis-
cussed later, was analyzed with a Monte-Carlo neutronics
code, a breeding ratio of only 54% was found. This
low breeding ratio drove the required interception fraction
from 0.03 to 0.055. The effect of tritium breeding upon the
vehicle-lieating and hence licat rejection mass, can be seen
from multiplying the 710 MJ per pellet energy in neutrons
and x-rays by the pellet rep rate of 100 Hz and then by the
0.055 fraction. A 3.9 GW heat load is found, which rises
t04.2 GW when the more accurate neutronics code is used.
Not all of this can be charged to the need to breed tritium,
since the current carrying structure which produces the
nozzle fields will always intercept some solid angle, which
can be used to breed tritium. However, the tritium breed-
ing places a floor on vehicle heating; pellets designed for
rocket use should use as little tritium as possible.

Let's return to the primary purpose of the thrust cham-
ver, and ask how we can use a magnetic nozzle to convert
the expanding pellet debris into thrust. The debris has
mass m, and energy Bx; the maximum possible impulse
that can be attained is /2myEx. The plasma is a good
conductor, and is within the thrust chamber for only -
short time. Hence, the magnetic fields of the nozzle do nei
penetrate the plasma. Instead they induce eddy currents
at the boundary of the plasma, and react with it via a
B [8n pressure. As the pellet expands, it sweeps aside Lhe
fields of the nozzle. By integrating the PdV work done
on the plasma by the nozzle fields during this expansion,
and equating it to the energy Ly, we find that the energy
stored in the interacting portions of the nozzle magnetic
field and of the pellet must be the same. The traditional
approach to nozzlc design is thus to construct large mag-
nets, which because not all of their field will interact with
the pellet, typically must store more field energy than the
kinetic energy of the pellet. Before analyzing this type
of thrust chamber, let's first consider an alternative ap-
proach proposed in the Daedalus study’ which uses much
less stored field energy.

The Daedalus thrust chamber consists of a hemispheri-
cal metal shell. The pellet is detonated at the center point.
Superconducting coils outside the shell generate a weak
magnetic field which fills the valume between the shell and
the pellet, but this stored field energy is much smaller than
the kinetic energy of the pellet. As the pellet expands, the
magnetic flux is trapped between the plasma boundary and
the metal shell; so the magnetic field strength, its pressure,
and stored energy all rise the closer the plasma comes to
the wall. In this approach the field energy which stops and
then reflects the plasma, is taken from the kinetic energy
of the pellet. There are two advantages to this approach;
obviously we save on the mass of the ficld-generating con-
ductors and their structural supports, but we also can Lake
advantage of the lower ficld requirements and avoid the
use of superconductors. The importance of this will be-
come clear later when we discuss the problem of shielding
superconductars {rom pellet neutrons and v-rays. There
are however two problems with this approach: the shell is
not transparent to the pellet, and the thrust conversion
efficiency is lower than can be attained with the high field-
energy nozales.

We can solve the first problem by replacing the thin shell
by a series of rings, each having a high aspect ratio cross-
section and otiented with the long dimension af its cross-
section aligned along the line-of-sight to the microexplosion
point. The design of this thrust chamber is set by the
aspect ratio of the rings; their short dimension is fixed
by the conducting skin depth, so the AR determines the
long dimension. The inter-ring spacing is limited by this,
since in order that the rings be able to cool radiatively
they must see open space. The Ting spacing and long
dimension then bound the closest approach distance of the
plasma, as it must not leak out between the rings. The
design is then closed by the fact that this approach distance
defines the time constant governing the skin depth. With
this design, it can be shown that eddy current heating
is reduced relative to Ex, by the same factor by which
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tentron and xeray heating is reduced: mumely te AR of
beori Tie Simits on mwimem AR sre cet by the
n..;-'xl ive loadiug of the rings s pellets are stagnated. The
reaction force of the rocket is applicd to thece rings, and

primarily at their tps, In order to avoid crumpling under
this laading, it thould be oriented along the long axis of the
rings, 1.¢., also along the line-of-sight to the pellet. With
this orientation, aspect ralions up to == 1000 can be used
withuut Jocal buckling of the rings.

This type of thrust chamber acts essentially as a specular
refiector of the plusina which it intercepts, and has insul-
ficient field encrgy to infiuence the portion of the plasma
that is not intercepted. Treating the microexplosian as
3 point rource, we see that Lke optimum geometry is a
parabolaid, not a hemisphere. If we reference the thrust
produced to the \/.rn Ex impulse; the efficiency of a
naraboloid which subtends angle @ is given by 0.25(1 -
cosB)(3 + casf). So a parabelic chamber filling hall the
zolid angle hias an efficiency of 73%. Unlortunately, the
ure of high aspect ratio rings restricts us to a hemispherical
thape, since the furce vector and pellet line-of-sight must
be aligned. A hemisphere has a thrust cfficiency of only

. The rocket figure-of-merit is power-to-mass, which
g p
» as the square of the thrust conversion coefficient,
a5

henee only 237 of the pellet kinetic energy is used. The
eyvid by this type of thrust chamber will generally

@ be encugh to offaet the loss of exhauvst power result-
ing Trom ts how corversion eflicieney.

The ratiorale behing high field-energy nozzles is that
an inve-tment in magnet system mass will be paid back
The interaction of the
pelict with such nozzles s nol however as easy to analyze
as it was in the low-energy case. As a result, previous
studies®® have simply equated the field energy to that
of the plasmna. Then, as was also done in the Daedatus
raze,’ the thrust cfficiency was estimated by assuming the
exhant Lo be tightly collimated. Half-engles of < 20
degrees were used, yielding exhaust pawer efficiencies of

> 94%. This approach proved unreliably optimistic in
tie Iow-cnergy nuizhe case, and will undoubtably also be
for high-cnergy nozeles.

through grealer noile efliciency.
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Fic. @ it in Thrust Chamber

Arenrdingly, I have calculated the setual nozzle behavier
for the sysrem shown in Fig. 2. The field is produced by
a single superconducting current loop (the entire geometry
b rotational] A radistion

iy symmetric about the axis).

chield is piaced betwren the eail and the pollet, proweet
g the cail from radiation and also serving a« the tntiem
Lreeding blanket. The thicld-coil tyswem is wrapped by
a metal skin, which acts as an eddy-current shield during
the pellet interaction. As the plasma expands, eddy cur-
rents are generated on its surface and on that of the shicld-
coil. These currents act to prevent field changes within
the pellet and the shicld-coil. The magnetic B /8x pres-
sure pushes on the expanding plasma, hopefully collimat-
ing the debris 2s it is expelled from the thrust chamber.
A sell-consistent calculation was performed by coupling
a magnetic field routine, which determined the bound-
ary pressure acting on the plasma as a [unclion of its
shape, to a 2D hydrodynamics code which then used this
pressure as 8 boundary condition. The plasma border
is shown in Fig. 2 at b times during the expansion of
an 8.3 gm pellet containing 1300 MJI of kinetic encrgy.
The coil has a radius of 6.9 meters, carries a current of
22 MA, and thus stores five times the kinetic energy of the
pellet. This simple coll grometry serves to reflect most of
the plasma. As with any axially-symmetric nozzle, 3 sma!l
axial jet is not stopped. A much smaller magnet is used
to deflect this jet slightly off-course and above or below the
main radisting plane of the racket. The thrust conversica
efficiency of this nozzle, including the negative contributian
of the jet, was found to be 657, Hence it converts 427 of
the pellet kinetic energy into exhaust. This targer efficiency
allows the rocket to have 687¢ more pawirplunt mass than
one using the low ficld-cnergy type nozzle. As can be seen
from Table 3, the mass reduction possible by eliminating
the supcreonductor and ite radiation shield is not this large.

As was seen above, ihe currents which are needed to
generate the nozzle magnetic ficlds are quite farge. Tn our
design, this current is carried by a superconductor. Doing
50 avaids the large power dissipation which would occur
with normal canductors, and thereby avoids the resulting
hest rejection mass. The mass of the superconductor itself
is not {arge, and is determined by the overall current den-
sity at which it operates. The performance of supcreon-
ducturs is degraded in the presence of large magnctic fields.
This led us to selrct a V3Ga superconductor, which at our
158 Tesla peak coil field, and 4.8°K operating tempera-
ture, can carry about 270 kA em™*. For stability reasons,
we embed the V3Ga within a matrix of V and Al, and
operate at 8550 capacity. The matrix has a net capacity
of 42 kA em™* which still allows a conductar mass of only
8.7 tons. In this paper the word “ton” refers to metric ton,

e., 1 Mg. This is not however, the only mass associated
with the coil. The coil is subjected to a magnetic bursting
force, which is resisted in tension by 8.5 tors of structural
composite. Even with this addition, our coil stores encrgy
at 375 Tgm™!; this is the advantage of using a supercon-
ductor.

Unfartunately, the disadvantages of using supercanduc-
tors in o fusion rocket are almost as compelling. These
stem from the need o protect the coil from the microexplo-
sion radiation. Qur concern is not material damage; it is
the difficulty of heat rejection from 3 4.8°K load. The cuil
is Fig. 2 is directly exposed to == 2 GW of neutron and
%1ay energr. In order to tolerate the refrigeration mase
required to reject waste heat [rom the coil, we must drop




this by some 6 arders-of-magnitude. It is easy to see that
this level of stienuation cannot br reached by using high
apect ratio colls protected by a shzdow shield. Some of
the neutrons whizh enter the shivld will seatter out of it
and enter the coil from its long unprotected side. Hence, as
shown in Fig. 2, the radiziion shield must extend beyond
the line-of-sight, and cover one side of the coil. This has a
number of consequences; it increases the subtended cross-
section and hence the total heating, it removes the ad-
vantage of high aspect ratio coils, and it argues for short
mean-free-path newtron shields, A given coil requirement,
i.e., cross-sectional area and radius, sets a lower bound
on interccpled solid angle just because of this shielding
difficulty. Either this bound, or the tritium breeding one,
will determine the vehicle heating from the pellet; in our
present design, the iritium constraint isslightly more strin-
gent. Obvinusly, the solid angle needed to protect the coil
cun and should also be used to breed our tritium. The
shield of Fig. 2 consists of an inner layer of Li; almost
all of the heat is deposited in here, so it can serve hoth
as o tritium breeder and as a heat transfer fluid. The
rest of the neutron shield consists of Lill which offers a
smaller mean-free-path than Li. Gamma-rays aiso prove
to be very troubling, since like the neutrons, they have a
sinall stopping cross-section. Although the number of 7-
rays generated by (n.7) reactions in the pellet and in the
radiation shield itself is not large, their presence requires
us ta place @ massive Ph shield hetween the coil and the
nentron shield.  The thickness of this layer, and of the
thertnal insulation needed between the coil and shield, fur-
ther increase the intercepted solid angle. Notice from Fig.
2, that the shields extend around the coil where it can
be exposed to reflections from other nearby components
of the rocket. Because the shield masses are large, the
geometry of Fig. 2 was analyzed using the Monte-Carlo
neittron, ~-ray code TARTNP!'. It was subjected to the
pellet neutron and 7-ray spectra, both directly and follow-
ing reflectinns from an axial payload radiation shield. The
resulting design permits 3 2000 watl heat load, and requires
an 8.1 ton reftigerator, with 3 44.4 ton neutron shield and
1.36.3 ton -rav chield. We see that the shielding require-
wment has raised the averall coil-related mass to 126 tons,
although about 10 tons of this is for Li which would be
reqiired as a tritium breeder in any event, Because of the
large shiclding masses needed to protect against scattered
patticles, I do not think that multiple superconducting coils
should be used in a rocket nozzle.

The shield-coil is not the only massive component of the
thrust chamber. A rrjection system is needed to dispose
uf the heat absorbed in the shicld, As was mentioned in
the tritium breediug discussion, this heat load amounts to
4.2 GW, The heating occurs at the inner norticn of the
radiation shield, with the x-rays depositing in the matal
will, and the ncutrons within the Li blanket. The heat
must be removed fram the shield and transfecred to the
radiator asrays shown in Fig. 1. To do this we will take
advantage of the excellent heat capacity of Li; it will he
pumped through the shicid and then sent to the radiators
via 8 transfer pipes. This pumping uses 20 MW and is
provided by MHD pumps which utilize the thrust chamber
magnetic firld. The transport to the radiator is also expen-

sive in terms of mass, requiring 27 tons worth of fluid and
pipes. At the radiator, the Jiguid lithium is counterfiowed
past heat pipes, whose walls censtitute the radiating sur-
face. There are 7800 separate heat pipes, cach of which is
11 meters long and uses lithium at 1500°K 1s its warking
fluid. The heat pipes have a mass of 13 tans, bringing the
total heat rejection mass up to 40 tons.

The relative size of the heat rejection and the shield-
coil masses leads to another option; namely using a normal
ceonductor instead of a superconductor. The advantage is
that the vast bulk of the radiation shield would no langer
be needed, the disadvantage of course is the increased con-
ductor and heat rejection mass. A simple tradeoff can he
performed between the conductor mass and that of addi-
tional heat rejector; decreasing the conductor mass causcs
the ohmic heating, and hence rejector mass, to increase.
The figure of merit for a conductor in this situation is
the product of density and resistivity (at the elevated lem-
perature of 1500°K). It turns out that lithium is the best
choice, due Lo its low density. So in this concept, the
coil would consist of an anaular vat of Li: which would
serve as tritium breeder, field gencrating conductor, and
heat transler fluid. For our present design parameters,
this type of thrust chamher requires ~ 40 tens more than
the baseline system; the reason being that the enil bursting
force must now be resisted by a high temperature material.
Accordingly, the <uperconducting coil is used as the base-
line system for this paper. However, the Li option should
be considered in further studies, for the following reasons,
It should be used for low field-energy nozzles where the
current needs are lower. 1t can be used for multiple coil
high field-energy nozzles, since we are not concerned with
shielding from multiply scattered neutrons. The poten-
tial gains in nozzle eficiency may well offsct the increased
thrust chamber mass caused by using Li and by inter-coil
forces. Finally, large high-field superconducting magnets
are an expensive high-tech item; the simplicity of a normal
conductor is attractive.

Fusion Driver

In order to implode and ignite an inertial fusion pel-
let, 2 fast acting energy source is required: in aur case
2 MJ within 10 nanoseronds. Delivering this energy and
power to a small target is not an easy task. To date, both
the financial and temporal cos’, of ICF research have been
dominated by Driver development. As a practical matter,
early rocket developers will not attempt to duplicate this
effort. There will be large and clear advantages in using
Drivers developed for terrestrial ICF in inertial fusion rock-
els.

Unfortunalely, the features needed for a god IFR Driver
are not the same as those desired in an [CF powerplunt
Driver. A powerplant Driver must be efficient and in-
expensive. While desirable, neither of these festures are
essential for an IFR Driver. The primary conccrn in a
rocket is the mass associated with the Driver. The first



component of v is the direct mass of the Drivee, which
ey have ttle ~orrelation with its cost. The other Driver
related mass is ot of its waste hest rejection system.
Sinee radistors will be required, we want a Driver with
ltege 1, which is a much different goal than the large
i songht fur terrestriad Drivers. A secondary difference be-
tarep rockets and powerplants, is that in rockets the Driver
energy nust e propagated thrangh vieuum to the target.
Fur teerestrial pawerplants, energy propagation over a dis-
tanee szl
ur an atmosphere depending upon the needs of the Driver,

o desired, but Lhis can be either thiough vacuum

A nember of diffezent Driver technolugies are being de-
velaped for ICF powrrplants, and it is not yet clear which
will ultimately tiumph. Let's review the leading con-
temders, measnsing their snitabilities for rocket uee. The
candidates may be splitinto two classes, those which trans-
mit energy via particle beams and those which use lasers.
Other options, suck as high speed macroparticles have been
progeced, but will not be a near term factor,

Charged particle Drivers arc attractive beca they
affer high efliciency. A number of accelerator designs using
particles ranging fram electrons to heavy ieng have been

proposed, and should provide efficiencies of 250 or more.”
The poterdial difliculty with using particle beams lies with
f
get. The flux required for a given species depends upon
the energy earried by vach particle, which is in turn deter-
mined by ite range in the target. Representative values are
200 MA of L Mev electrons, 40 MA of 5 Mev protons, or 20
kA of 10 Gev U jons. Such large currents of electrons will
elearly be more dificult to focus than the smull currents
of heavy jons.

ing high fAuxes of charged patticles onto a small tar-

ms were considered for ICF
Diivers. However, they are difficult to “reus, and ulso gen-
erate bremestrablung Nerags as they depasit, These N
rays penetrate further into the peffet than the efectrons,
and by prebeating it, make an efficient implosion difficult.

At ane time electron Les

For these rea-uns serions work ex clectron Drivers has
cenxel in the USAL Sandia National Laborutory switched
its offorts to praton acceleration, using dinde actelerators
very similar to their previous electron ones. Proton brams
avaid the preheat problems of electrins, and are easier
to focus than electron beams. However, they cannot be
focused through vacyum to a petlet at 10-20 meter dis-
Lances, For a terrestrisl reactor this is not a fataf problem,
and transport mechanisms'® through atmospheric channels
louk promixing. This approach is nut leasible for a rocket,
and the anly opiton appears to be neutralization of the ac-
celerated proton beam with a eomoving electron elowd, al-
Inwing Lullistie trunsport to the target. This approach will
requre higher quality ( more uni-directional ) proton beams
than are likely tn be developed for channel transport, and
its stability is not yet certain.'? If the transport problem
can be solved, light ion aceelerators should be useful in
rockets, since they are reasonably compact, and ought to
operate at high temperatures.

There is considerahle interest in continuing the progres-
<inn from light to heavy particles. When using heavy ions,
such 2 U7, the required currents are small enough to al-
low balli-tic fecusing over large distances. Furthermore,

the target deposition mechanism is favorable; not only are
20 encrgetic particles created that can cause prehest, but
the deposition versus depth profile is net the usual decay-
ing exponential. The deposition accurs over 3 finite range,
and mestly at the extreme end of this range. This per-
mits tamped energy deposition, which should drive 2 more
cificient implosion than the conventional ablation p. . csses.
'* Two concepts have been studied, using conventional
particle acceleratar technology, and pramising elficienciss
of 20-30%.° The first uses RF linass, and hecause these
are low current devices, accumulates the lons in storage
rings before extracting them, further compressing the pulse
length with induction linacs, and focusing onto the tar-
get. The second system uscs only indurtion linacs, which
simultancously accelerate the jons, and compress them to
a short pulse-length heam. The problem with these ap-
proaches is that the Drivers are physicaily large and mas-
sive’'®. The existing designs have sizes in the 5-10 km
range, and masses over 10,000 tons. While their costs
appear competitive far ICT powerplants, their mass iz not
acceptable in a rocket, A number of unconventional ap-
proaches to heavy ion acceleration have been proposed
which uffer much smailer Drivers, an example of these s the
IFA.*2 This scheme uses eolivctive effects to accelerate 117 ®°
ians over short distances. However, ballistic transport of
such highly charged ions is no Jonger possible, and the
aforementinned electron neutralization techuiques must te
developed. Since the more conventional accelerators ap-
pear adequate fnr powerplants, it is doubtful that collec-
tive accelerators will be developed for ICF.

The charged particle Drivers which are being developed
for terrestrial ICF appear too massive for use in rockets.
They are however nat the only cptions being pursued.
When the {CF program was started, the Drivers used were
lasers, and these eontinue to dominate the program. Be-
cause of this head start. even if systems such as heavy
iun accelerators are eventuilly used in powerplants, laser
Drivers will have been developed for reseaich, and probably
pilot plants. Henee they will be available for use in rockets.

The sdvantage of lasers for ICE is that they are easily
focusable onto targets at the required power levels. The
difficulty lies in building large seale systems at high »ffi-
cieney and low cost. Another problem which has proved
troublesome is the effective coupling of the laser light to a
pellet implosion. The interaction af high intensity coherent
light with a plasma is not simple. A variety of processes
exist that can backscatter light, reducing the absorption,
and which can canvert some of the ahsorbed encrgy into
high coergy electrons, which preheat the care of the pel-
let and spoil the implosion.'® These cffeets are reduced Tor
low wavelength lasers, and appear tolerable in the A <

445 regime. A large number of laser systems have been
proposed for ICF over the years. We will discuss the fol-
lowing 4 systcms;

Free electron lasers are a new Driver option for ICF.
' An FEl, extracts energy from a high energy electron
beam in the presence of a spatially oscillating maguetic
field.'” With proper design, this extraction should reach
efficiencies of == 40%. When combined with Linac or
Betatron electron beam gencration at == 5075, the attrac-
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tion of an FEL for ICF is clear. It cffers shart wavelength
light [ 230nm |, at system efficiencies near 15%. The ad-
vantages and drawhacks of an FEL Driver for a rocket
can be ilnstrated by assuming an induction linac electron
source. This aceelerator technology is being actively pur-
sued in the USA for high current, high beam quality ap-
plications, and will most likely be that used for any ICF
Driver. The radiator mass for a rocket should be small;
not only is the Driver efficiency high, but the heat can
be genersted at high temperatures. Energy not extracted
from the clectron heam can be dissipated in a very high
teraperaturs beam dump, while accelerator heating in con-
ductors and iron core inductors can occur at temperatures
of 600-700 "IX. The problem is the same as with heavy
ion arceleratars, the Driver mass is large. In order to
reach their high e lliciencies, the inductors cmploy high per-
meatisity cores. Scaling of current electron beam indue-
tinn linacs yields a mass of over 2000 tong in the inductor
cores alone.

CO: lasers are being pursucd at the Los Alamos National
Laberatory. They currently operate at pulsed cfficiencies
of 22 27, but improved systems shonid reach values of
5 107" The primary difficulty facing CO; for ICF, is that
itisu very high wavclength laser, h = 10.8p. Accordingly,
the lazer energy is hard to efliciently couple into an implo-
sion. Proposals have heen made® for using vacuum or self
generated magnetic flelds to insulate the pellet core from
energetic electrons. The technieal feasibility of COq driven
ICF remains in doubt, which will presumably be resolved
after the Antares faser at LASL becomes operational. For
mcket use, even if a COp Driver proves feasible and is de-
veluped, its low aperational temperatures { generally 350-
400 “KC ) will result in large heat rejection masses.

The most commonly used ».:"ver system in ICF research
tod: Nd:glass.'® This faser generates shert pulses of
1.06 u light. which can be elliciently converted to L or Lp.
Trsever, because the existing lasers operate with very low
elliciencies and rep rates, it is widely helieved that this class
of lavers will be useless in powerplants.? This view has been
chalieniged ina recent review of rare carth doped solid state
lasere"® The rep rate limits come from heat removal prob-
loms, which will be relaxed by using thin slabs rather than
the current thick rods, by using high conduetivity crys-
Lailine: hosts instead nf glass, and by increasing the laser
efliciency. The laser efliciency can be increased by more
elleetively matching the absorption profile of the rare earth
inns Lo the pumping source, by shortening the pnmp time
compared to the upper state decay time, and by operating

with longer laser pulses. [f current fash lamp pumping
sources are retained, a combination of longer lived lasing
speeies and recycling of unused pump photons might ailow
elliciencies in the 1020 77 range. An alternative approach
inplays lsser diode pumpi: -, with very high conversion to
the upper laser state of the rare earth ion. If these hoped
fur improvements materialize, then due to the current lead-
ing pusition of solid state lasers in ICF research they may
Vecatne a pawerplant Deiver. The energy storage density of
an efficient solid state laser will be 0.15-0.25 J em™?, which
alluwing fur extraction losses translates to a mass of about
10 tous fur the Driver of our rocket. This is acceptable,
It the heat rejection masses are more troublesome, The

gain of Nd lasers falls rapidly in the 400-500 °K reginie.
The projected future lasers will also suffer at elevated tem-
peratures; thermal conductivity falls, upper state quench-
ing increases, Jower state population increases, and laser
diode efficiency falls. Achieving au acceptable 5T* with
solid state lasers will be considerably more difficult than
increasing 7 itsell.

Rare gas halides form a class of gas lasers invented long
after the Nd:glass and CO: systems. A molecule such as
IrF* is formed, which is bound orly in an electronically
excited state. At moderate ploton fluxes, ~ 1 MJem ™",
the molecule tases before its natural decay into an unbound
lower state. The KvF*® laser operates in the UV at 248
nm, and has, in separate experiments, been operated at
125 efficiency™ and multi-kilojoule pulses. While the
wavelength and efficiency of KrF* makes it an attractive
ICF Driver, it efficiently delivers only fairly long laser
pulses, > 0.5pacc. These long pulses can be efficiently
compressed to the [0 ns sized ones required, using either
Raman or pulse stacking techniques. KrF* appears attrac-
tive for an IFR Driver since along with acceptable mass and
efficiency, high temnerature operation should be possible;
it is a gas laser with no effective lower state.

Predicting which of the Drivers discussed above, or the
myriad others also under consideration, will finally be-
come adopted as the dominant ICF Driver is difficult. The
issue will be decided on palitical, technical, and financial
grounds with essentially no concern for the Driver's use-
fulness in rockets. From the above summaries, the Kri*
laser seems to be the most promising for an IFR. \While
the dominant US effort, for largely historical reasons, is
centered upon Nd, CO2, and light lor., there is substantial
interest in KrF” for ICF and other applications. A large
KrF* amplifier, 20 kI, should be operating at Los Alames
within 2 year.®' By using aperature ombinution and pulse
compression techniques,® this module serves as the basic
building block of an ICF Driver. Whether or not KrF* is
employed as a terrestrial ICF Driver, the technology hase
should exist to enable its use in a rocket. Accordingly, |
have chosen it as the Driver in this rocket design.

The formation and lasing of KrF® is a complex opera-
tion, and elaborate models have been developed to simulate
these lasers."®?? Basicly, a gas mixtute containing Ar, kr,
and Fy is pumped by cncrgetic electrons. As these slow
down, their encrgy is spent forming rare gas ions and rx-
vited atoms. Both the exeited neutrals and the ions then
un‘lergo reactions with either Fg or F'~ which lead to the
formation of KrF*, with an energy efficiency of ~ 25%.
Some of the KrF” is lost via either quenching or decay be-
fore it can be lased. The laser photons that are created
ran be lost via absorptinn by Fa, F7, Krf, or 3 host of
ather absorbing species. In order to predict the behavior of
n(T), I have developed a computer model similar to those
mentioned above. Since most experimental determination
of kinetic rates has occured at room Leinperature, the cor-
rect extrapalation to higher temperatures is not always
clear. I belicve that important processes such as ionic for-
mation rates, and the vibrationally dependent moleculsr
phote cross-sections are treated correctly, but most other
rates are simply scaled kineticly. The basic trends shown



by this code ave as follows. As T goes up, the KrF* for-
mation shifts to the neutral channels since the ionic rates
drop. This does not significantly decrease the amount of
KrF* formed. The quenching rates increase weakly with
temperature, and the the gain cross-section falls slightly,
but for a saturated system the decrease in lasing is small.
The primary eflect of increased temperature appeara io be
increased absorption. The F~ absorption increases, since
F~ removal by ionic recombination falls ss T increases.
Absorption by species such as Kr3 and KroF* increases due
1o thermal population of higher vibrational Jevels. Hence,
the laser efficiency falls with increasing temperature, This
decrease is considerably weaker though than the T im-
provement in radiator ares.
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The mas: of the Driver used in this study is dominated
by that of 200 laser ampiifiers, one of which is shown in Fig.
3. Each mcdule consists of a rotating eylinder containing
the lasers, and a nonrotating heatpipe radiator. The laser
gasis a mixture of Ar, Kr, and Fy, although st a lower den-
sity, 1.4 X 10" em™?, and higher Kr fraction, 28%, than
is normally used for these lasers. At the start of each pulse
the gasis at a tempesature of 1000°K, although this rises as
electran energy is deposited. The laser aperates with an in-
trinsic efficiency of 8%, but the difficulties of transporting
electrons through the outer wall of the cylinder lower this
to 8%. There are 5 laser buckets oconpying the outer rim
of the cylinder. Each is pumped as it passes the electron
diode, a rate of 10 Hz. Between pulses the heated gas at the
nim is bouyantly interchanged with the cooler gas in the
interior of the cylinder. From here, its heat is transferred
into corotating finned heatpipes. These employ a Na fluid,
whaose vapor is sent into the nonrotating core heatpipe of
the radiatnr. Liquid return is via arteries in the core pipe,
with wicked brush transfer to the finned heatpipes inside
the eylinder. The actual radiator surface is the outer wall
of the branch heat pipes. Because of thermal resistance,
the actual radiating temperature is only 800°K. Each of
these modules has a laser related mass of 520 kg, most of
which resides in the cylinder walls and the optical windows.
The radiatc s have an individual mass of 435 kg, 85% of
which is in their walls.

The difficulties associated with high rep rate lasing and
subsequent heat rejection, forced the use of two complete
Jaser systems. Each contains 100 of the above modules, and
fires at a 50 Hz rate. This alternative proved less diffcult

than designing higher performance modules. The amplifier
modules are combined structurally and optically. Their
connecting Lruss requires 12 tons; while the optical gystem
1o combine and pulse-stack the individual beams takes 6
tons. The osrillator syster. that is used to optically seed
the smplifiers has a higher specific mass than they do, s0
has an 1 ton mass.

The laser Driver -equires 33 MJ of energy per pulse.
This energy is obtained from the thrust chamber; as indue-
tion cails are excited by the expansion of a pellet within
the magnetic fields of the nozzle. This energy must be
~ransported back to the Driver, via transmission lines, and
stored there to wait for the next required laser firing, a
period of 10 . In order vo allow for pellet or laser michres,
we will store enough encrgy for several shots. Rotating
machinery, such as the Compulsator®, is capable of stor-
ing energy at low epecific mass and with extraction Limes
of = 1 ms. This is adeguate for the bulk energy store,
but is too slow to directly pump s KrF” laser. During
the inter-pulse period, energy will be transferred into 2
capacitor array, from which it can be rapidly extracted o
generate the § usec electron pulses which pump the laser.
Unfartunately, capacitors ate traditionally a mass intensive
way to siore ensrgy. The current limits?® of =5 0.5 Jgm ™!
are not attractize for an {FR. By csing vacvum dielectrics,
the specific mass of capacitors can be greatly lowered at the
expense of a similar increase in specific volume. For ter-
restrial use this tradeoff is not profitable, so there is little
experience with large vacuum capacitars. For this study,
we've assumed that the transmission line and caparitors
each use vacuum dielectrics, and alloted masses of 3 and 25
tons respectively to these components. The rotating long-
term energy store, by contrast, holds more energy and has
a 12 ton mass.

Vehicle Summary

As can be seen from the mass breakdown in Table 3,
the Driver and thrust chamber account for most of the
mass of this inertial fusion rocket design. Various other
components are also necessary, although they will not have
much effect on the mass of the rocket. Let's briefly discuss
some of these systems.

A neutron and 4-ray shield is placed on the vehicle
aris at a location 20 meters away from the microexplosion.
This shield consists of a cylinder which subtends a 3° half-
angle in order to protect the payload region, and a thin
fin which protects the thrust chamber radiators. These
shields provide protecticn irom direct shine, but a smalt
radiation flux will bypass them by scattering out of the
shield-coil. The magnet which deflects the plasma jet away
from the rocket structure is placed directly behind this
payload shield.

In order to reach the designated microexplosion point,
4 pellet must travel from the protection of the payload
shield during the inter-pulse time. This requires thay it
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Liave a speed of 2 km eee™!: which it will be given either
by & magaetic aceeleratar”, or * - laser ablation. Extreme
precision in target placement is nul required, since the
Lsser optics will be active and be designed to fire at the
actual pellet location, In practice, slightly off-axis pellet
explosions are probably the thrust vector <ontrol method
which will be used.

AU present, pellot costs are dominated by {abrication
rather than fuel procurement. This situation must change
when [CT leaves the research phase, and is used for power-
pants or Ter rockets. Obviously, automated factories will
be cssential, and some preliminary studies of such plants
have begun.?* We have not attempied to design such a
fucility, but doubt thar it will be massive. The tritium
required for pellet ignition will be removed {rom the Li
coclant loop at the thrust chamber radiater. It is then
piprd back to the factory, which will be located near the
payhoad region.

The mass of the fusion pellet is often augmented by ex-
tea propcllent muss. As is discussed in the next section, this
is done to generale more thrist. In general, this propel-
et s will dominate the fuel mass. In principle, this
prapctind can be any clement, although my pellet-nozzle
calenlmtions have employed Do, Assuming this choice is
adoped, then for the Curgo missians in which the rocket

5 be: employed, the Tuel tankage requirement will
50 tons of Da. Sinee this is a large scale system,
and is subject to louds of ouly € 0.1 gee, 16 tons should
he sutlicient for taukage.

will usus
be for =

The velitcle drive will be turned-off for long periods of
time, hath between missions and during coasting sections
of the trajectories. An auxiliary nuclear fission reactor will
loe proviaed to peovide hhousekeeping power during these
intervale, and to restart the propulsion system. A restart
invalves rechurging the Driver ensrgy banks, and reheating
the baerr gas. A 1 MW reactor with a mass of & § tons
will Lo adeguate Tor these tasks.

Tubde 3 Vehicle Mass Sutnmary
Driver Tons
Lasers 10
Radiators 92
Opties, Structure 18
Energy Hundling 42

262

Thrust Chamber

Shield-Coil 126
Heat Rejection 10

165

Overhead

{"ayfvoad Shield 17

Fuel Tank 1§
Reactor 5
Truss 0

58

Total 186

“The vehicle is tied together by a truss, which also trans-

mits the vehicle thrust from its origin 2t the shieid-eail, up
to the payload. There are 8 primary thrust-bearing mem-
bers, As with the Li-carrying heat-transfer pipes, they
remain shadowed by the shield-ecil until reaching the in-
ner edge of the thrust chamber radiatar, 50 meters from
the microexplosion. At this location they are laterally tied
together by a structural ring, and then {an out toward
the Driver radiating array. Upon reaching this site, the
truss no longer has circular symmetry, but iastead is biased
towards the radiating plane of the rocket. The thrust-
bearing members are hollow pipes, and are tied together by
a lateral truss in order to avoid buckling. As can be seen
from the mission examplesin Tables 4 and 5, the maximum
vehicle thrust will be & 3 X 10'" dyne. The 20 ton truss
can handle a 5 X 10*' dyne thrust.

Vehicle Performance

Having discussed the design of an inertial fusinn recket.
let's see how well it perforins.

As is the caze with other sdvanced space-based rockets,
sn IFR can be characterized by the ratio of its maximum
exhaust power to the mass of ils powerplaut, and by the
maximum exhaust velocity at which it can expell propel-
lent. The power-to-mass ralio is ullimately bounded by
heat rejection Trom the Driver and the thrust chamber,
but in practice is further degraded by the direct mass of
these two systems. The maximum exhaust velocity chat
can he attained is upper bounded to 2.6 X 10° emeer™!
by the specific energy available from fusion. In practice,
this is degra 1ed by the iaefficiency of the nozzle, the luss
of energy 1 .ieutrons and y-rays, and most importartly
by the frac - of vhe pellet mass used to implade the fuel.
The relative importance of these two constraints depends
upon the mission the rocket is performing.

For interstellar travel, the large distanres demand that
the rocket reach epeeds which are at least 10 — 206¢ that
of light. This is greater than our upper bound on exhaust
velocity; o fuel loadings are large, and primary emphasiz
wmust be pluced on raising the exhanst speed. Minimum
powerplant mass and low tritium-inventary pellets, are ot
essential for an interstellar IFR. [nstead, the vehicle disizn
will concentrate on raising the nozzle efficiency, while the
pellet designer must implods and burn 2s much of the fuel
as possible.

This study has concentrated on a nearcr term mission
for inertial fusion rockets, Le., interplanetary propul:ion.
This was done because it will be the initial application, and
because an IFR can do a very goad job at this task. For
interstellar propulsion, an [FR may be the hrst preseutly
kn. wn option, but in absolute terms it Iraves a lot to be
desired. Toprfully, hy the time we build an interstellar
rocket, it will be something better th-n an inertial fusion
rochet.

hr interplanetary travel, the capability of an IFR is
limited more by it power-to-mass ratio, than by its ex-



haust velocity. The vonilation on exhaust power translates
inta a bl an the product of echaust speed “uw” a1d ac-
celeration *a”, i, on aw. While 3 large value of w will

the rocket to reach » nigh specd, the low
a means cnat doing so takes upoa dot of time and distance,
siven distanre *D7 as quickly
xs peesible, the optimum technique ineolves accepting a
lowrr w value in exchange for highe- acceleration. This
di ding of w can be accomplished in wa [FR by placing ex-
sevs propellent mass vntside of the fi.ion peliet. The extra
material lowers the exhaust velocity of the pellat, while
ansion calculstions

cvrntally Hmb

When i g0 a8 Lo ravel a

inereasing its impulze. Pellet-nuzzi . &

have been performed for differen overail pellet masses, and
shawn e change in nozzle etheiency.

We have used three modals, of inereasing saphistication
and apacity, to snalyze the performance of this [FR. The
first is the slassical power-t inited model, in which gravity
=nd exbaust velocity timits are neglected. This case is easy
tosolve, and indicates the pertinent scaling ang operational
modes. Next, the w constraint is included. The resulting
zero-gee uotion can also be analytically solved, but in a less
uereful form, This solution is then used as the starting point
when numerically solving the 2D problem in which solar
gravity is includud alung with the w and ew constraints.

By neglecting solar grasity and vehicls exhaust velocivy
limits. we gain a sin ple insight into the performance capa-
bilittes of an IFR. Suppose one wishes Lo trave] a distance
“[" in Gme “T7, starting and stopping at rest. The rncket
las anoanitial mase of *Mo", of which the powerplant ac-
rauats for a fraction “77 and is clizracterized by a powar-
to-mass ratin of 5", The optimum tradeoll between ¢ and
u acurs for the time dependint acceteration:

a{ty = ISD(T - l),

AL

0<t<T (n

The paload fraction “N” can he shown s be given by

] 0°
A= -1 =-- 2
a+d " yil (!

Nute that D, T, and g appear only in the dimensionless
ter a. The trip time 1=

ween ‘o vary with the 1
of distansr, and with the inverce cube rool of the

powet-to-mass rathy, There are two interesting operatiopal
2. The “VIP" mode yields the
shortest possible trip time, but a vani-hing payloae. For

mudes snggested by Eq.

this mode

2 VITS
0 =Tl1-8) (3

For cconomical uperation, one is willing to acrept a
fonger trip time in exchange for a large payload fractin A,
The “Cargo” mode results from maximizing the paylead
throughput M/ T b; optimizing over T and the choice of /.
This optimim oceurs at @ = & and § = 5, resulting in
a payload fraction X = % and 5 fuel fraction of §. For
this mode

T1
pr=T
W (4)

In Table 4 we demonstrate the VI mode capaiilities of
this rucket, and show Cargo performance in Table §. Far
~urposes of comparison, the VIP mode numbers assume
the same powerplant fraction, § = % which is optimal
for carg )y carrying; so the payload of the Cargo mi inn
is swapped for more fuel in the VIP mission. The rurket

exhausl power and exhaust vclocity are given by

7o

Mp

P =vEx 7,

w=fr

For the current design, the nozzle efficiency fr is 0.53,
sa the power P is 54.1 GW. Using the powerplant of Table
3, we find a power-to-mass of 110 W gm™. The examples
thustrated in Tables 4 and 5 span the range of solar system
missions; Martian close approach ta shew high acceleration
capability, Pluto transit to show the apposite extreme, and
an average Jupiter mission. The Tables list the distancr,
trip time, maximum speed, maximum acceleration, ihe
exhaust speed at beginning and end, and the averal! pellet
mass at begianing and end.

Table 4 VIP Missions
Mars  lupiter  Pluto
D (An 0.6 5.2 385
T (day) 94 398 1339

o1 339 657
Gmex (r118eC Hosil 395 20.1
wo {km sz‘r"] 51 104 205
ur (kmsec™!) 271 557 1095
nig {gm) 422 100 26
"y {gm) 148 3.5 0.91

Umes (KME-T

Table 5 Cargo Missions

Mars  Jupiter  Dhuto
D (AL] 0.6 5.2 305
T {day) 222 938 362
vmor (kineec ’J 70 144 od
dmer {emacc™™)  MI TN 3.bo
wy  (kmeec”') 28 T 1135
wr (kmeec ') 315 700 1513
mg {gm] 3.8 3.3 (:5)
mr {gm} 8 18 0.49

The potential of this I K for solur system propulsion i+
granhically ‘Hustrated by the trip times shawn ir Tables 4
and 5. A quick trip to Mars can be made in 9 days, while
cven in Cargo mode, Pluto can be reachid in 4 year. In
Cargo mode, the rocket can deliver 1500 ton= per mizsion,
while the VIP method still permits delivery of =
payloads.

50 ton

While enlightening, the above analyss is inromplete.
The acceleration profile of Eq. 1 requires a zeio accelera-
tion and infinite exhaust velocity at the midpo.nt of the
trajectory. llence, the cxhaust speed constraint will be
violated during the<. trajectorivs. This will cettsinly oe-
cur in the middle of the trips. and for longer uissians can
ocrur threughott the journey. When 3 imitation on w ix
im,-osed on the trajectary eptimizalion problem, its sobu-
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tion is no longes o+ transparent as Eq. 2; but analytic
results can still be derived. The optimum trajectories con-
<st of mistnres of thee types of arcs. The beginning and
end of - trassion may or may not contain 3 linear accelera-
lion, vanabie «. are similar to that of Eq. [. All missions
contain an interior coasting arc, sandwiclyJ between two
ares using the maximum w. In Table 5, T compare the final
mags fractions for the Jupiter mission, as calenlated bath
witheut 2w limit. and with a bound of 600 £m sec™!. The
firal thass ineludes payload and powerplant, so the T =
40 day mis-ion is noi possible when the w limit is imposed.

As evpeeted, the iritial analysis is always optimistic, with
a larger error for the long trip ‘me missions.

Tuble 6 Jupiter Mission

T wlree wlimit

110 0.829 0732
10 0.785 0702
90 0.727 0562
80 0.652  9.506
70 0556 0.545
60 0441 Q4L
50 0314 0.284
40 0.19¢  0.168

TY  thrust acrelerations of Tables 4 and 5 are consider-
ahly larger than the solar gravitational pull of 0.6 ¢m sec™®
at the Farth's orbit. Movrver, when trav.ling between
planees a <hip daes not start and stap at rest, but instead
must match the plancta.r veocities, For this reason, and
thi fact that seme trajectories can pas: close to the Sun, |
have considered the 2D problem. Tn this case, planetary or-
bits were ass.timed circular, and the vehicle is subject to its
own thrast as well as solar gravity. The optimum trajec-
torir= are found numerically, using primer vecter theory
with an initial starting guess provided by the 2ero-gee mod-
oyt diseussed.

1 hase compared the above zero-gee results (with the
w limit), to 2D enes which included solar gravity. The
effects ot payload [raction were as e ected; payload went
up when the planets were approachi g cach other, and
down when they were receeding. But overall there was
lile change. To the eye, the trajectories of an IFR laok
like thoze of 3 solar system rocke! shou'd; straight lines
betwern source and destination’

Prospectus

Turrtial confinement fusinn is now being vignrously pur-
surd because cf its potential for terrestrial powerplants. Its
implirations fer space propulsion are even more profound.
An inertial fusion rocket ean rarry kiloton payloads to any
point of the solar syste:n in less than a yeur.

The pacing item in the att :inment of such a rocket re-
mains the demonstrativa of ICF, The current status of pel-

12

let experiments, and the imminent completion of several
pellet *Drivers”, makes it likely that the scientific feasibility
of inertis] fusion microexplosions wiil be demunstraied by
the end ! unis decade. Onece this is done, the develop-
ment of fusion rockets can proceed both in parallel with,
and independently of, the powerplant eflort. For a rocket,
the most important component yet to be developed, is.
as with terrestiial [CF, the Driver. The features which are
uniqu=l; required for a rocket; i.e,, 2 high temperature ex-
cimer or solid-state laser, or a low muss particle accelerator,
can be pursced inexpensively due to the modular nature
of high performance Drivers. Confidence 15 system integra-
tion and full-scale Driver perfermance, wili derive from
the terrestrial ICF pragram. [tems such as automated pel-
let factories are required for both applications, and will he
developed by whichever program needs them first, Other
advances in space ‘echnology will be important 1o incor-
porate into an [FR, Most usefn] will be advanced high tem-
perature radiators, either using heatpipes or liquid droplets,

and low mass capacivors, probably using vacuum dielectrics.

But this work shouid not present major impediments to
the development of an inertial fusian rocket.

1t thus appears likely, that within the next 20-30 years,
we can achieve a transport capahility which allows us com-
plete and rapid transit throughout interplanetary space.
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