JOURNAL OF PROPULSION AND POWER
Vol. 17, No. 5, September-October 2001

Impact of Energy Gain and Subsystem Characteristics
on Fusion Propulsion Performance
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Rapid transport of large payloads and human crews throughout the solar system requires propulsion systems
having very high specific impulse (I5; > 10* to 10° s). Tt also calls for systems with extremely low mass-power
ratios (o <10~ ! kg/kW). Such low « are beyond the reach of conventional power-limited propulsion, but may be
attainable with fusion and other nuclear concepts that produce energy within the propellant. The magnitude of
energy gain must be large enough to sustain the nuclear process while still providing a high jet power relative
to the massive energy-intensive subsystems associated with these concepts. This paper evaluates the impact of
energy gain and subsystem characteristics on a. Central to the analysis are general parameters that embody the
essential features of any ‘“‘gain-limited” propulsion power balance. Results show that the gains required to achieve
a~ 107! kg/kW with foreseeable technology range from ~ 100 to over 2000, which is three to five orders of
magnitude greater than current fusion state of the art. Sensitivity analyses point to the parameters exerting the
most influence for either 1) lowering o and improving mission performance or 2) relaxing gain requirements and
reducing demands on the fusion process. The greatest impact comes from reducing mass and increasing efficiency
of the thruster and subsystems downstream of the fusion process. High relative gain, through enhanced fusion
processes or more efficient drivers and processors, is also desirable. There is a benefit in improving driver and
subsystem characteristics upstream of the fusion process, but it diminishes at relative gains > 100.

Nomenclature
A, B = start and end points of arbitrary straight-line
trajectory
Dyp = distance between points A and B
e = fractional power from onboard power supply
f = fraction of power recirculated to driver
fa = ratio of mass-power parameters
G = energy gain in nuclear process
Guin = minimum energy gain for net positive power
g = Earth surface gravitational acceleration
g6 = relative gain
h,k = constantsin trip time expressions
I, = specific impulse
m = mass
m = mass flow rate
My = final vehicle mass after round trip return to A
Mpay = payload mass
Myrop = propellant mass
P, = power input to propellant
P = power output of exhaust
R g = outbound mass ratio m 4, /mpg
Ry = inbound mass ratio mpg/m 4,
T = thrust
U = dimensionless velocity ratio
Vv = velocity
V, = exhaust velocity
X, Y Z = parameter combinationsin trip time expressions
o = overall system mass-power ratio
a = subsystem mass-power ratio
o = gain-independentportion of «
oo = gain-dependentportion of «
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B = propellant tankage mass fraction
AV = mission velocity increment
n = subsystem efficiency
Apay = payload to vehicle inert dry mass fraction
T = trip time
O] = mass-power ratio factor
Subscripts
(m); 5 = initial, final
(&, n,m, P)p = driver
(@,n,m, P)y = heatdisposal
(@,n,m, P)p = power processor
(a,n,m, P)s = power supply
(a,n,m, P)y = thruster
Introduction

HE goal of rapid interplanetary space flight will require the de-

velopmentof new propulsionsystemsbased on advancedforms
of nuclear energy. Over the last several decades many propulsion
concepts have been studied that would enable multimonth round-
trips to Mars and missions to the furthest outer planets on the order
of a year. Borowski' and Williams and Borowski® have shown that
the large AV and vehicle accelerations required for such missions
demand propulsion systems having not only very high exhaust ve-
locities (/;, > 10*-10° s) but also extremely low mass-power ratios
(@ < 107" kg/kW).

High-energy electric propulsion systems could achieve the per-
formance necessary for multimonth transits to Mars and near-Earth
asteroids. Such power-limited concepts can also provide the I, re-
quired for extremely large-AV missions. However, the o may be
too high to achieve the accelerationsnecessary for rapid excursions
to the outer solar system. Faster missions on the order of a year will
require systems that produce more jet power in the exhaust than that
provided from onboard sources.

Such a net energy gain can be achievedin systems where nuclear
reactions occur within a portion of the propellant. This energy gain
is expressed as G, defined as the effective power output from the
local nuclear process divided by the power required to “drive” it.
The total power produced must be sufficient to provide both thrust
and the power needed to drive and sustain the nuclear process, which
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can be quite significant. This type of system is “gain-limited”in that
the driver can consume a large fraction of the total power produced.
Nuclearfusionis the most familiarexample of a gain-limitedsystem,
although some concepts involving fission also fit the definition.

Determining the upper limits of energy gain has been a central
issue in fusion researchover the last several decades, and it certainly
playsa major partin dictatingthe near-term viability of fusion-based
propulsion. In recent years high-energy plasma experiments have
achieved local scientific gains of up to 0.5 for very short times with
large, specialized facilities. For ground-based commercial power it
is generally accepted that system-level engineering gains of over
50 will be required to make fusion economically competitive with
other technologies. However for space propulsion there is much
less consensuson what values of gain will ultimately be required to
make fusion superior to other high-/, alternatives, such as electric
propulsion.

In what is probably the most comprehensive assessment of fu-
sion propulsionto date, Williams and Borowski’ evaluated the mass
properties, power output, jet power, and thrust of 13 different con-
cepts. In addition to identifying the propulsion characteristicshav-
ing the greatestimpact on vehicle performance, they examined the
disparity in design assumptions and parameters among the differ-
ent concepts. Their conclusionsconsisted of several suggestionsfor
guiding research investments and improving the fidelity of future
investigations. However, the study treated the fusion process for
each conceptas fixed and did not evaluate how energy gain—an un-
certain parameter at this early stage of development—can influence
performance.

We attempt to address the issue of energy gain by investigating
its effect on the overall @ of fusion-propelled spacecraft. Unlike
Williams and Borowski, we use a generic power balance to obtain a
relationshipbetween «, gain and general parameters thatreflect sub-
system mass properties and efficiencies upstream and downstream
of the fusion process. Using this equation and design information
from three previous fusion propulsion studies, we determine the
range of gain required to meet the o requirements for ambitious
interplanetary missions and assess the sensitivity of « to gain and
other subsystem characteristics.

Definition of Gain-Limited Propulsion

Almost all propulsion systems in use today are classified as be-
ing either energy or power-limited. The former type, which is best
represented by chemical rockets, derives all of its propulsive energy
from exothermic reactions within the propellant. Total impulse and
overall performance is limited by the quantity of propellant carried
onboardthe spacecraft. These systems typically exhibit very low ex-
haust velocities, but can deliver high accelerations caused by their
ability to heat large amounts of propellant quickly and efficiently.

Power-limited systems, such as electric propulsion, utilize a sep-
arate onboard power source to impart energy to the propellant. Al-
though the jet power is always less than that provided from the
source, power-limited concepts can achieve high exhaust veloci-
ties and [;,. Unlike chemical systems, the total impulse is limited
by available power, and performance is further constrained by the
lower limits of attainable «. High values of « translate into more
massive systems, which yield correspondingly lower accelerations
and longer trip times.

Fusion and other gain-basedsystems share some of the featuresof
energy and power-limited systems, but are ultimately restricted by
the netenergy producedby the nuclear process, hence the term gain-
limited. Because of the small burnup fraction of reactants—even at
high gain G > 100—only a small portion of the available binding
energy in the nuclear fuel is utilized, and the system is relatively
independentof the total energy content of the reactants. Similarly,
the total power system mass is not directly proportional to exhaust
power.

As gain increases, the fraction of delivered power that must be
diverted back into the driver decreases. In effect, this reduces the
impactof drivermass and efficiency on the system. This is important
because the driver usually has a higher mass-power ratio &, and
lower efficiency np than the other subsystems. The performance of

a gain-limited system can be improved by eitherreducingthe & of its
various power-intensive subsystems or increasing G in the nuclear
process.

Mission Requirements and Performance

The performance of power- and gain-limited propulsion systems
is characterized by the parameters «, I,, and vehicle acceleration.
These parameters are interdependentin that only two can be inde-
pendently specified at once. If vehicle acceleration is treated as a
dependentvariable, then the objectiveis to understand how different
combinations of « and I, affect mission performance.

We limit our consideration to performance requirements repre-
sentative of fast, crewed interplanetary missions throughoutthe so-
lar system. We are primarily interested in conducting round-trip
missions between points A and B in as short of time as possible.
Williams® showed that this requirement is embodied in the two pa-
rameters of trip time 7 and the distance between points A and B,
D ,p. By assuming 1) vehicle acceleration much greater than the
local gravitational acceleration of the sun, 2) constant thrust, and
3) vehicle velocity of zero at A and B for both legs of the mission,
one can employ a straight-line trajectory, which greatly simplifies
trajectory performance calculations. That is, the vehicle thrusts at
a constant I, and mass flow rate to a point approximately midway
in the trajectory, whereupon it turns around and decelerates to zero
velocity at the destination.

Williams® applied these assumptions to derive analytical ap-
proximations for T based on Dy4p, I, and specific power ~1/a.
Borowski! and Kammash* adopted a simpler approachand obtained
a single equation for 7 as a function of D,p, I, and vehicle accel-
eration. In Appendix A we rederive a general equation for 7 that is
slightly different than that in Ref. 4 and eventually more useful for
illustrating dependence on o:

T=DAB/gIsp'(h+kU) (1)
where
gl

V Dyp(T[m z3)

For the outbound leg from A to B, (h, k) = (3, 2), whereas for
the returnleg from B to A, (h, k) = (1, 2). Therefore, (h, k) = (4, 4)
for the total round trip. The travel time is expressed as a function of
distance D, I, and the final vehicle acceleration T'/m 45.

To express T in terms of «, we derive an equation for final vehi-
cle accelerationT' /m 4, from a general relationship for final vehicle
mass and substitute it into Eq. (1). The equation for final vehicle
mass (or dry mass) is the same for both gain- and power-limited
systems and contains the basic elements of payload, power-sensitive
equipment o Py, and propellant-sensitivestructure S, that is,

U =

Mpy = M,y + O(Poul + /Smprop ()

The total power output of the propulsion system is the jet power
Pow =TV, /2, whereas the total propellantis a function of total im-
pulse and exhaust velocitym ,,, = Tt/ V,. To simplify, we assume a
constant ratio between payload and dry mass mp,y = m 45 Ap,y. Sub-
stituting these definitions into Eq. (2) and rearranging yields an
expression for T'/m 4. This, in turn, is incorporated into Eq. (1) to
yield the following equation for trip time:

e= 11y (x 1+ zaty) 3)

where X, Y, and Z are functions independentof [, and «, thatis,

D
X =202 (oh 40—
2g 1 — Apay
kD5 \’ B B
y=—=2) (4h + ¥*—— | ——
2g 1= epay ) 1= hpay

8D4p
11—

Z =K
pay
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We neglect the negative branch of Eq. (3) because it implies a
negative trip time for large ;. The placement of I, indicates that
an optimum value exists, which minimizes trip time. Differentiating
Eq. (3) by I, and setting to zero eventually results in a quadratic
equation for I3 that can be solved to yield

Iow = 2/Za)3[(¥ + X?) £ XV/X> + 3Y]% 4)

Again neglecting the negative branch, we substitute Eq. (4) into
Eq. (3) to obtain minimum trip times for a specified . This substitu-
tion also yields the interestingresult that T o< «'/? and confirms that
lower mass-power ratios translate to shorter trip times. Although I,
is important, any system that relies on an onboard power source to
provide propulsiveenergy will have an optimum [, thatis a function
of o and mission requirements.

A plot illustrating the sensitivity of round-trip time to D, and
« is shown in Fig. 1, where the optimum values of I, are super-
imposed on lines of constant «. In assessing the requirements for
interplanetary missions, we consider the parameter values neces-
sary to complete round-trip transits between Earth and destination
planets within one year.

For missions between Earth and other inner planets, which
are represented by the middle band in Fig. 2, a system with
a <10 kg/kW is adequate. The optimum I, values range from
3,000 to 5,000 s. Improved technology, as reflected by lower sub-
system masses and «, tends to increase the optimum /g, for a given
destination. This is especially true for electric propulsion systems.
Reducing o decreasesthe negative mass impact associated with the
o Py, term in Eq. (2), thus permitting higher vehicle accelerations
and shorter trip times.

The a and Iy, requirementsbecome much more challenging when
we consider the distances within the band representing the outer
planets. The range is quite broad, extending from 4 AU to nearly
40 AU. The ambitiouscase of aone-yearround-tripmission between
Earth and Pluto (37 AU) requires an o ~ 2 x 10~ kg/kW and I, of
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Fig. 1 Round-trip time vs distance from Earth.
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Fig. 2 Generalized power balance.

nearly 3 x 10° s. The requirements become much less severe if we
consider one-yearround-trip missions to Jupiter, where the required
« increases to ~10~! kg/kW and the I, is ~70,000s.

These values of « are two to five orders of magnitude lower than
the state of the art envisionedfor nuclearelectricpropulsionsystems.
Although electric thrusters could eventually attain I, comparable
to fusion concepts, it will be difficult for power system technology
to meet the o requirements for rapid missions beyond the innermost
outer planets, which have been determined to be ~107" kg/kW.
Ultimately, systems with o ranging from 10™! kg/kW to as low as
1073 kg/kW will be needed to open up the solar system to ambitious
human exploration.

System Power Balance

Power- and gain-limitedconceptsare similarin thata large portion
of their propulsionsystem mass can be treated as being proportional
to the powerdeliveredby the system. Thus, « is directly related to the
total power balance. Both types of conceptsalso containmany of the
same basic functions and subsystems. Therefore, it is reasonable to
begin with a generic power balance that reflects the unique and
common features of both.

The model used here is shown in Fig. 2. The total power needed
to heat, ignite, or accelerate the propellant P,, is obtained from two
sources—e representsthe fractionof P, delivered from an onboard
source, whereas the remaining portion 1 — e comes from a driver
powered by energy extracted from the heated products. The total
energy from these inputs is multiplied by the factor G and then
transferredto a power-processingstage, which can actually be quite
complex. Most of the power, which is in the form of an energetic
plasma, is passed through this stage directly to a magnetic nozzle or
thruster. Only a portion of the total input power is truly “processed”
to run the driver. Unusable energy arising from inefficiencies at this
step and others is passed to the thermal management subsystem,
which radiates waste heat to space.

An expression for « is obtained by summing the mass contri-
butions from each of the subsystems in Fig. 2 and then dividing
by the total power of the exhaust P,,. We assume that the mass
of each subsystem can be represented as the product of a distinct
mass-power ratio & and the power output of that particular subsys-
tem. Noting that the power flows in Fig. 2 are expressed as fractions
of the power input to the nuclear process P;,, the corresponding
subsystem masses are as follows

Onboard power supply:

mg = ageP,

Driver:
mp=ap(l—e)P,
Heat disposal:
my = ay{(1 —np)l(1 —e)/npl+ (1 —np)G}P,
Power processor:
mp =apnpGP;,

Thruster:

my = dr Poy (5)

The output power can be expressedas Py, = [(1— f)npnr G1P;,.
Solving for the fraction of processor power delivered to the driver
yields f = (1 — e)/(npnpG), which upon substitution with all of
the subsystem masses provides the following formulation for «:

a={asnpe+ap(l —e)+apnpnpG +ay[(1 —np)(1 —e)
+np(1 —np)Gl+arnrnpnpG
—(=al}/nrlnpnpG — (1 —e)] 6)

The effective mass-power ratio for an electric or power-limited
system is obtained by settinge =1 and G =1 in Eq. (6) to yield

as+apnp +ay(1—np) .
+a
nrne

T (M

o =
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The sum @ + & p7p is often treated as a single term representing
the mass-power ratio of the entire power supply subsystem. Apart
from the individual subsystem &, « is most sensitive to efficiencies
of the thrusterand power processing subsystems. Lower efficiencies
translateinto the need for a larger power source and greater capacity
in the waste heat disposal subsystem. The only way to improve
performance is to increase these efficiencies or reduce the mass-
power ratios.

For the gain-limited case the power needed to drive the system
comes from the power processing subsystem via a feedback loop.
Becauseno major onboard power supply is requiredafter the process
has been initiated, we sete =0 and retain G as a parameterin Eq. (6)
to yield the mass-power ratio for a gain-limited system:

apnp +apnpneG +ay(1 —np) +np(1 —np)G
= +0(T

nr(mpnpG — 1)
(8)

As before, the system mass-power ratio is a function of the sub-
system &, including the additional parameters of driver mass and ef-
ficiency. The most unique feature is the strong dependence on gain,
which is not entirely arbitrary. G must be greaterthan a certain min-
imum value in order to provide a net positive input power for driver
operation. This appears as the requirement for a positive value in
the denominator of Eq. (8), which can only occur when G > Gy,
where Gyiny = (7pnp)~". At a minimum the power gained must
overcome losses caused by inefficiencies in the driver and power
processor subsystems. Values of G above this limit result in lower
effective mass-power ratios.

In addition, & does not decrease without limit as gain is raised.
Although higher gains diminish the influence of driver mass and
efficiency, the power handled by the processorand thrusterincreases
proportionally as well. Consequently, the mass influence of these
subsystems, which mostly lie downstream of the fusion process,
becomes dominant with increasing gain. This can be seen by taking
limg _, o @ =y, Which yields the effective lower bound for «:

. apnp+ay(l—
Qe = Gy + rllp H( np) )
nrne

The parameter oo, primarily embodies influence of the thruster
and processor.Its effectis a strong function of G and tends to dimin-
ish as G = Guin. As G decreases, o becomes more dependent on
driverand subsystemcharacteristicsupstream of the fusion process.

Although o approaches an infinite value at the minimum gain
condition, the sensitivity to driver characteristicscan be ascertained
by evaluating @ at G =0, thereby removing the influence of gain
in Eq. (8). The result ;) is a negative quantity that reflects the im-
pact of driver characteristics on «. This impact can be addressed
more clearly by expressing e as a positive value via oy = —a, thus
yielding

oy = [apnp + ay(1 —np)l/nr — br (10)

Substituting e, &, and Gy into Eq. (8) resultsin the following
expression for o

_ Gas + Guinag

an
G—GM]N

Characterizing Mass-Power Ratio

Equation(11) pertainsto any gain-limited propulsionconceptthat
recirculates a portion of the output power to drive itself. Even if a
power balance different than the one in Fig. 2 had been assumed,
one would still arrive at the same expression in Eq. (11). Naturally,
the equations for «s, and oy would be different, but they would still
embody subsystem characteristicsdownstream and upstream of the
fusion process, respectively.

Applying Eq. (11) to assess the relationship between « and G
requires values of Gumin, oo, and «g calculated from reasonable
projections of mass properties, power flows, and efficiencies. We
refer to design information from the Spherical Torus (ST), VISTA,

Table1 Reference parameter values

Parameter ST VISTA  ICAN-II
Design reference gain, G 67.8 2717 9474
Minimum gain, GmiN 1.68 17.8 3.28
Infinite gain mass-power ratio, kg/kW, oo 0.047 0.075 0.016
Zero gain mass-power ratio, kg/kW, ag 5.68 0.266 40.7
System mass-power ratio, kg/kW, « 0.192 0.098 0.030
Ratio of gain to minimum gain, gg 40.4 15.6 2891
Driver to processor ratio, f, 66.4 3.54 2540
100
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Fig. 3 Sensitivity of « to gain for different propulsion concepts.

and ICAN-ITinvestigations >~ ' mainly because of the unique 1) ex-
tent of design detail, 2) thorough accounting of power flows, and
3) recognition of the significant impact of waste heat handling. Al-
though these three concepts differ considerably, their processes are
similar enough that the subsystems and power flows can be defined
in accordance with Fig. 2. Resulting values of a,, g, and Gy,
alongwithdesignpointo and G, arelistedin Table 1. These concepts
are summarized further in Appendix B.

The datain Table 1 are used to constructthe plots in Fig. 3, which
show variation of o over an arbitrary range of G. All three plots
exhibit the same general behavior. From the vertical asymptote at
G — Gy, the values of o decrease and approach «,, in the limit
as G — oo. In all cases the minimum mass-power ratio, represented
by o, lies between 0.01 and 0.1 kg/kW. However, the design point
values of G yield «, which are closer to 0.1 kg/kW. The plots for
ST and VISTA indicate that gains greater than 200 are required to
achieve o of 0.1 kg/kW or less. For ICAN-II the required gain is
over an order of magnitude higher.

A visiblefeatureof these plotsis the way theira vs G relationships
differbetween the limits G — Gy and G — 00. For instance, most
of the variation in « for VISTA takes place over a ~two-decade
range of G, compared to ~four decades for ST and ~five decades
for ICAN-IL In addition, ICAN-II and, to a lesser extent, ST seem to
exhibit a constant exponential dependence over much of this range,
while VISTA does not.

These differences arise from the competing influence of o, and
«p, which is shown more effectively by expressing o in Eq. (11) as

o= Doy, (12)
where

Q= (8¢ + fa)/(8c — 1) (13)

The factor ® comprises the normalizedparameters g = G/ Gy
and f, = op/a. The parameter g normalizes gain with respect to
the minimum value required to drive the fusion process, whereas
S reflects the relative influence between upstream and downstream
subsystem characteristics. Large f, are representative of concepts
where driver mass and inefficiencies predominate, whereas small
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values indicate situations where the processor and thruster subsys-
tems exert more influence.

The recast limits of @ —lim,;, _, o ® =1 and lim,; _, | $ =00 —
show that @ is always greater than 1. From Eq. (13) we see that
the influence of f, is negligible at extremely high relative gains.
However, its contributionbecomes more significantas gz — 1. This
is particularly evident in the plots of Fig. 4, which show ® vs gg
at decade increments of f,, along with the point-design values for
VISTA, ST, and ICAN-II. Apart from the normalizationof abscissa
and ordinate values, these curves exhibit the same general behavior
as those in Fig. 3 and are distinguished by their values of f,.

The mannerin which gain influences the system mass-powerratio
is characterized by the parameter ®. In effect, ® represents the de-
gree to which gain overcomes the mass penalties and inefficiencies
of the driver and upstream processes. It is the factor that distin-
guishes gain-limited behavior from power-limited behavior. When
viewed this way, gain is important only to the extent that it sup-
presses the negative impact of upstream processes—it has no direct
bearing on .

Improving Mass-Power Ratio

Defining « in terms of Eqgs. (12) and (13) is useful for illustrating
the effect of gain, but does little to show which parameters have the
mostinfluence on «. Understandingthe sensitivity of « to variations
ing¢, fu,and a is importantbecauseit points to the most effective
way of reducing & and improving mission performance.

There are several ways in which mass-power ratio « can be re-
duced. One is to lower the values of «, or f,, whereas another is
to increase g . We can determine which approach has the greatest
effect by comparing the sensitivity of « to variations in these para-
meters. It is more realistic to evaluate these sensitivitieson the basis
of fractional or percent variations from the parameter values. This
ensures dimensional consistency and takes into accountthe substan-
tial difference in their magnitudes. For instance, a small fractional
change in o is expressed as dos = does /oo, Where doy is the
differential based on the actual value of «,. The sensitivity of « to
a fractional variation in . then becomes

Ja Ja
— = — 14
da, (80(30 ) (1

Taking the partials of o with respectto o, fu, and g and apply-
ing the definition in Eq. (14) yields three equations. These, in turn,
are used to construct the following three comparative relations:

(02/03) _ (85— (gc +f“> (15)
(90/92¢) g6 \1+/
(0e/0d) _ 86 + fo (16)

(/3 f,) o

(0/886) __ (1/fu) +1
(da/d f,) 1—(1/86)

Equation (15) compares the sensitivity of @ to percent changes
in oy, and gg. An absolute value greater than one means that « is
more sensitive to o, Whereas a value less than one suggests that
8¢ has greater influence. The same reasoning holds for Eqgs. (16)
and (17), which portray similar comparisons for @, vs f, and gg
vs f,, respectively.

We note from their definitions that g > 1 and f,, > 0. Moreover,
Table 1 shows that the lower limit of gs is probably an order of
magnitude higher —gs > 10. Over the entire range of possible gg
and f,, the absolute values of Egs. (15) and (16) are always greater
than one. This implies that the system mass-power ratio is most
sensitive to changes in «.,, especially when gz > f,.

Although o, clearly outweighs the influence of g and f,, these
other two parameters still have a strong effect. Applying the con-
ditions noted before, we see that the absolute value of Eq. (17) is
always greater than one. This implies that g; has a greaterinfluence
than f,, particularly at low values for these parameters. However
when we considerthe values of g; and f,, in Table 1, theirinfluence
is almost equivalent.

U, 86, and f, differ in an important respect: «, is one of the
parameters arising from the original expression for « in Eq. (8),
whereas g and f, are defined as ratios of these original parameters.
We see that from g6 = G/Gwm, an equivalent percentage increase
in G or reductionin Gy yields the same increase in relative gain.
Similarly from f, =ao/0, the same decrease in f, is obtained
through an equivalent percent reduction in ¢ or increase in .
However, intentionally increasing o, to lower f, would actually
increase the value of «, in accordance with the stronger sensitivities
in Egs. (15) and (16). Thus, any effort to reduce f, should involve
changes to g, N0t Aoy .

a7

Relaxing Gain Requirements

Rapidinterplanetaryspace flightrequires mass-powerratios equal
to or lower than 0.1 kW/kg. We have shown that achieving this goal
with fusion propulsion will require energy gains ranging from 200
to upwards of 2000. This range is three to five orders of magnitude
greater than current fusion state of the art and certainly represents
a significant technological challenge. We have already examined
how variation in basic combinations of subsystem characteristics
can lead to reductionsin « and improved performance. However, it
is equally useful to explore how these groupings can be varied in
order to relax gain requirements, while still keeping « constantat a
target value.

As before, we employ fractional changes to examine parameter
sensitivities. A fixed value of « is assumed by setting the differ-
ential do (0o, 86, fo) €qual to zero. This yields partials of g¢ with
respectto o, and f,,, which canberecastas the following sensitivity
equations:

08¢ (8o —1) [ 86 + Ju
80_(30 - 8c ( 1+f0( ) (18)
08¢ 1—=(1/8c) (19)

af,  (A/fo+1

Equations (18) and (19) show that the required gain can be de-
creased by lowering either a, or f,. For relative gains of two or
more, the sensitivity to . is always greater than unity. This is not
the case for f,, which is always less than one. Referring to the val-
ues in Table 1, we see that a 10% reduction in as, would allow us
to lower the relative gain by 16-30%, whereas such a reductionin
f« would enable a decrease of only 7-10%.

Taking the ratio of Eq. (18) to Eq. (19) yields the same expres-
sion as Eq. (16) and confirms the dominant role of o compared
to f,. For the situation in which gs > f,, the high relative gain
almost completely suppresses the influence of driver and upstream
characteristics. In this regime ® ~ 1, and improving driver charac-
teristics has a negligibleimpact on reducing gain requirements. The
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stronger influence of «,, persists even when g; < f,. However, in
this regime, where ® > 1, the relative sensitivities are essentially
equivalent.

Whether the interest is in improving performance or lowering
gain requirements, efforts should focus on reducing the influence
of subsystems downstream of the fusion process. Improving driver
and upstream processes becomesrelevantonly at low relative gains.
Otherwise, it is preferable to operate at as high of gain as possible
while improving downstream subsystem characteristics.

Discussion

Our sensitivityassessmentsare based on parametersthatrepresent
combinations of subsystem mass-power ratios @ and efficiencies
appearingin the original expressionfor « in Eq. (8). It is reasonable
to ask why the assessments were not performed using variables from
this original expression. The impacts of @ and 1 could be evaluated
directly without resorting to derived parameters. More equations
would be necessary, but it would point to the specific @ and  having
the most influence on « and gain.

The problem is that the primitive expression for « in Eq. (8) is a
function of the power balance, which can vary from one concept to
another. A sensitivity assessment based on the original expression
for o would be very conceptdependent and may not reflect impacts
for another type of system. Our approach of using generalized pa-
rameters that apply to any power balance allows us to draw global
conclusions pertaining to gain-limited performance. Nonetheless,
derived parameters are one step removed from the variables cha-
racterizing spacecraft design and function. Therefore, it useful to
examine the connection between these variables and the desired
changesin o, g, and f,.

Our analysis has shown that a, has the greatestimpact on . The
definition of &, in Eq. (9) points to several ways in which it can be
reduced. The most obvious approach s to lower the mass-power ra-
tios of the thruster, processor,and heat disposal subsystems. Another
prospectis to increase thrusterand processorefficiency. Thruster ef-
ficiency has a broad influence that directly affects the mass impact
of the processorand heat disposal subsystems. Processor efficiency
is also important, but increasing it serves primarily to neutralize the
mass impact of the heat disposal subsystem.

We have identified gg as the second most influential parameter.
Increasing gs reduces o by diminishing the influence of f, and
lowering the value of ® in Eq. (12). g can be increased by either
raising G or decreasing Gyn. Within our context the value of G
is arbitrary, but ultimately hinges on significant advancements in
fusion science and technology. However, G vy can be reduced by
increasing driver and processor efficiency—the latter of which is
consistent with the goal of decreasing o, .

We have shown f, to have the least influence of all of the para-
meters. The only way to reduce it, while not negatively impacting
o, 18 to lower ag. From Eq. (10) this can be accomplishedby reduc-
ing the mass-powerratios of the driverand heatdisposalsubsystems.
Improving heat disposal characteristicsis especially advantageous
because it also contributes to the primary goal of lowering «y.
Perhaps the most significant parameter in « is thruster efficiency.
Increasing it not only lowers «, but also serves to reduce o, .

Conclusions

Fusion propulsion offers the promise of achieving the high I,
and low mass-power ratios (o < 10! kg/kW) required for rapid in-
terplanetary space flight. In this paper we have evaluated the impact
of energy gain and subsystem characteristics on « using general
parameters that embody the essential features of any gain-limited
propulsion concept. We have shown that, even with the optimistic
technology projections from previous design studies, the required
energy gains for ambitious interplanetary missions range upwards
of 200 to possibly 2000 or greater. These high values are three to
five orders of magnitude greater than current fusion state of the art.

Sensitivity analyses were performed to determine the influence
of the general parameters @, &6, and f;, on . Results showed that
o, Which roughly reflects the mass-power ratios and efficiencies
of subsystems downstream of the fusion process, has the greatest

impact on « and sets the minimum attainable value of «. Next im-
portantare the parameters contributingto g, which are the absolute
value of gain and driver and processor efficiency. As expected, op-
eration at high relative gains is desirable and can be achieved via
improved fusion processes or more efficient drivers and processors.
Finally, improvements should focus on the terms composing «y,
which reflect processes upstream of the fusion process.

The benefits of reducing o, and f,, also apply to the relaxationof
gainrequirements. About an assumed target value of o, reductionin
o, offers the greatest potential for lowering g . Improving driver
and upstream processes are relevant only when the relative gain
is low. Otherwise, it is preferable to operate at as high of gain as
possible while improving downstream characteristics.

Admittedly, fusion is still at the earliest stages of development,
and thereis little agreementas to what values of gain will be practical
oreven feasible.Ifit appearsthathigh values are possible (G > 100),
then research should focus on improving the @ and 7 of the subsys-
tems downstream of the nuclear process. This is consistent with
one of the main recommendationsof Williams and Borowski,* who
pointed to magnetic nozzles as an important area for investment.
On the other hand, if projections for gain are lower (G < 100), then
research must provide dramatic improvements in @ and n of all
subsystems, particularly the driver. This is an extremely difficult
challenge and may limit the viability of fusion and gain-limited
concepts in general.

Appendix A: Trip Time Derivation

The travel time at constant thrust is nothing more than the pro-
pellant mass divided by mass flow rate. Therefore, the respective
transit times for the outbound and inbound legs of a continuous
thrust mission can be expressed as

TaB = [g[sp/(T/mAZ)]RBAZ(RABI -1 (A1)
Tpa = [glsp/(T/mAZ)](RBAZ -1 (A2)

Because vehicle velocity is a function of time and the propellant
flow rate is assumed constantm = T/ (g1, ), the distance traveled in
each leg of the mission can be expressed in terms of the integral

"y
D=1/m/ Vdm

i

Substituting into this the instantaneousform of the rocket equation
V =gl ba[m; /m(t)], and integrating yields the following equa-
tions for distance traveled:

I,)? —
Dyp = (8 n;)) RBAz( Rapi— 1)2 (A3)
A2

I,)?
Dpa = M(V Rpas— 1)2 (A4)

Equations (A3) and (A4) are two distinctexpressionsfor the mass
ratios R4 3; and R 4,. Recognizingthat Dy = D4, Rap; and Rpar
can be solved in terms of D, and then substituted into Egs. (A1)
and (A2) to yield the generalized expression for trip time in Eq. (1).

Appendix B: Concept Summary

The ST concept, originally evaluated by Borowski' and studied
extensively by Williams et al.,> employs magnetic confinement fu-
sion (MCF) in a device geometrically similar to a tokamak. Because
the MCF regime occupiesthe low end of plasmadensity, this concept
requires long confinement times to sustain fusion burn and operates
in a steady, continuous mode. A unique feature of the ST reactor is
its low torus aspectratio, which could mitigate many of the instabil-
ities encountered with traditional MCF systems. Thrust is produced
by drawing off a portion of heated plasma from the reactor, mix-
ing it with injected hydrogen propellant, and directing the resulting
hydrogen/fusion product plasma rearward through a magnetic noz-
zle. The ST concept also requires external methods of heating to
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raise the plasma to ignition temperatures and large magnetic fields
to compress the nuclear fuel to fusion densities. The most recent as-
sessment employs D-He3 fueled fusion to heat injected hydrogen.
The vehicle is sized for a Saturn rendezvous, with a thrust and /g,
of 26,000 N and 38,612 s, respectively.

The VISTA concept, developed by Orth et al.,*7 is based on
inertial confinement fusion (ICF) and represents the opposite end of
the operational spectrum. A small pellet of solid fuel is compressed
to ignition conditions by an intense pulse of laser energy. Although
theinertiaofimploding material providesconfinementon timescales
of only tens of nanoseconds, the densities are 10 or more orders
of magnitude higher than MCF plasmas. The VISTA spacecraft
is configured in the form of an inverted cone. An array of onboard
lasersdrives fusionin targetsejected at the cone’s vertex. A magnetic
field generated by a superconductingcoil within the cone directs the
plasma emanating from each microexplosion rearward to produce
thrust. VISTA is characterized by the need for very high driver
energies caused by the low efficiency of its lasers. The performance
estimatesin Refs. 6 and 7 are based on D-T fusion, but eventual use
of less neutronic fuels, such as D-D and D-He3, is also mentioned.
The VISTA studies concentrate on round-trip human missions to
Mars, although the capabilities of this concept could be applied to
outer solar system exploration. The thrustand /;, are 185,000N and
12,562 s, respectively.

The ICAN-II concept, conceived and investigated by researchers
at Pennsylvania State University,®~!° is a hybrid form of ICF that
integrates use of particle and antimatter beams to initiate combined
fission-fusionin a compressed nuclear target. A pellet of D-T fuel
and U-235 is compressed with light ion beams and irradiated with
a low-intensity stream of antiprotons. The antiprotonsinitiate a hy-
perneutronic fission process in the U-235 that rapidly heats and
ignites the D-T core. The resultingradiation from fission and fusion
is transformed via wavelength shifter material and ablates the inside
surface of a hemispherical shell to produce thrust. Because the anti-
matter actually initiates the reactions, this approach requires lower
driver energies than other ICF concepts. However, the driver power
is still significant, and this approach depends on dramatic improve-
ments in technologies for antimatter production and storage.!! Like
VISTA, the spacecraftis designed for a roundtrip mission to Mars,
but with a thrust of 100,000 N and I, of 13,500s.

In all cases the “effective” power output discounts unrecoverable
losses of radiation to space in the form of high-energy photons and
neutrons. This has a relatively small effect on the fusion power

multiplication of ST, in which only 8.5% of the power is presumed
unrecoverable.By contrast, it has a significant effect on VISTA and
ICAN-II, where 72 and 84 %, respectively, of the fusion power is
considered lost. Other major differences among the concepts are
summarized in Ref. 2.
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