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Abstract
Practical groundtoorbit and interorbital space flights
both require propulsion systems of large flightpath
averaged specific impulse Isp and engine system thrust
tomass ratio F/ = F for useful payload and struc
ture tractions in singlestage vehicles 1. Current rocket
and airbreathing engine technologies lead to enormous
vehicles and small payloads; a natural result of the lim
ited specific energy available from chemical reactions.
While nuclear energy far exceeds these specific energy
limits2, the inherent highIsp advantages of fission pro
pulsion concepts for space and airbreathing flight3 are
negated for manned systems by the massive radiation
shielding required by their high radiation output 4. How
ever, there are wellknown radiationfree nuclear fusion
reactions 5 between isotopes of selected light elements
such as H+11B, D+3He that yield only energetic charged
particles, whose energy can be converted directly into
electricity by confining electric fields6. New confine
ment concepts using magneticelectricpotentials 7 or
inertialcollisionalcompression ICC8 have been found
that oer the prospect of clean, compact fusion systems
with very high output and low mass. Their radiationfree
d.c. electrical output can power unique new electron
beamdriven thrust systems of extremely high perform
ance. Parametric design studies show that such charged
particle electricdischarge engines ”QED” engines
might yield rocket propulsion systems with performance
in the ranges of 2 < F < 6 and 1500 < Isp < 5500 sec.

Background
The fusionelectric power source required to drive such
rocket engines is based on the use of inertial
electrostatic confinement IEC of the desired fusion
fuels 9. Initial studies of IEC10 used ions accelerated by
grid potentials in spherically concentric devices here
called IXL systems as small as 0.1 m in diameter. Large
fusion reaction rate densities were obtained. The fuels
were deuterium D and tritium T, the two heavy iso
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topes of hydrogen; these produced copious quantities of
energetic and hazardous neutrons according to the fu
sion reaction D + T > 4He + n. This IXL type of system
was inherently limited by drive power losses due to
particle/grid collisions.
These limitations were overcome by:
a invention of a novel magneticelectrostatic means
for trapping of energetic electrons injected to pro
duce a stable negative potential well for ion con
finement called EXL systems,7,11 and
b creation of a unique physics concept for stable elec
trostatic wavegrouptrapping and subsequent
inertialcollisionalcompression ICC density en
hancement of ions in a central core region8.
These two new ideas formed the basis for revived IEC
fusion research.
The Defense Research Advanced Projects Agency
DARPA gave initial support12 in 19841987, followed by
an analytical and smallscale experimental eort during
1987/88 funded by the Strategic Defense Initiative Oce
through the Defense Nuclear Agency13. This showed the
general feasibility of the new concepts and approach,
through analysis of a comprehensive point model of the
fusion device. A major program for further research and
development was defined, and supported by the
DARPA in 19891992. The most significant work under
this program focussed on theoretical analyses, 1 and 2
D numerical computations, phenomenological model
ing, and parametric design and systems studies of the
EXL concept. Some experimental work was also under
taken on both IXL and EXL types of IEC system. Cur
rent research is supported by the US Navy, the Electric
Power Research Institute, and the Department of En
ergy, Basic Energy Sciences Division through the Los
Alamos National Laboratory LANL. Both IEC con
cepts are shown in outline form in Figures 1a and 1b.
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Figure 1a — Ion-injection IEC fusion system

Results of this recent work have shown that the new
approaches are extremely promising, that there are no
apparent “showstoppers” or impossible physics or engi
neering obstacles to their success, and that they oer
the prospect of very smallscale, clean nonradiative
fusionelectric power by use of aneutronic fuels. The
characteristics of both IXL and EXL systems are that
they are all high voltage, with modest currents and small
magnetic fields none in the IXL system, and are inher
ently small in size. These features lead to lowcost and
short time scale for the research required for their de
velopment. They are “lowtechnology” devices, but with
“hightechnology” physics.
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The energy of these fusion product charged particles
can be converted directly into electric power by causing
them to expand against an electric field. Charged parti
cles escaping radially from the center of the reaction
sphere can drive current flow into spherical shell grid
structures to control decelerating voltage gradients of
opposing potentials surrounding the powergenerating
fusion core. The general feasibility of such direct con
version has been proven by earlier experimental research
studies 15. Its operating principles in the inertial
electrostaticfusion power sources here are as shown in
Figure 2.
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direct electric power

Figure 2 — Charged fusion product
direct electric conversion

Output power from fusion product charged particles
will appear as modest currents kiloamps at relatively
high voltages typically at 0.52 MeV, that can be used
with little power conditioning to drive lowenergy rela
tivistic electron beams reb for propellant heating, as
well as to power the fusion device, itself.

Electrostatic Fusion Rocket
Propulsion Systems
Fusion Fuels and Direct Conversion
To illustrate the prospects for fusionelectric rocket per
formance, consider only systems that operate on aneu
tronic fusion fuels. These include hydrogen p and
boron11 11B, p and lithium6 6Li, deuterium D and
helium3 3He, and 3He ions alone. These reactions pro
ceed as follows14:
p + 11B

2

> 3 4He

8.7 MeV

Electron-Beam Plasma /
Propellant Heating
The energy carried by such beams can be deposited di
rectly, essentially completely, into rotationallyconfined
highpressure plasmas, on the axis of a cylindrical thrust
chamber, producing very high gas/plasma temperatures.
Thermal radiation from this core is absorbed by the ra
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dially inflowing fluid/gas/plasma, which then flows longi
tudinally along the system axis to a magnetically
insulated convergingdiverging exhaust nozzle, to pro
duce thrust at high Isp. Chamber and nozzle wall insula
tion by use of axial magnetic fields in such rebheated
devices can reduce gas/wall heat transfer by up to two
orders of magnitude from conventional convective
processes16. The net eective specific impulse of hydro
gen can then reach levels of Isp = 2500 to 5500 sec corre
sponding to temperatures of 20,000 to 80,000 K, de
pending on dissociationrecombination eects without
intractable wall cooling diculties. Water, ammonia,
methane, and other low molecular weight fluids can be
driven to equally high Isp levels, albeit at higher thrust
chamber core gas temperatures. The operating chamber
pressure must be optimized for energy deposition pro
files to match propellant flow, with the achievement of
optimum specific impulse from the exit gas, for the de
sired net thrust level of the system. Maximum Isp will be
obtained at pressures that promote some recombination
of dissociated and ionized species in the nozzle flow.
Such a combination of elements yields an rebheated
fusionelectric QED rocket propulsion system as shown
in the block diagram of Figure 3.
Fusion Electric Source

E-Beam Generator

Engine Configurations
and Performance
Two approaches can be followed for QED engine con
figurations. First is an all regenerativelycooled ARC
system, in which that fraction of the fusion power not
delivered to the ebeam and deposited into the propel
lant gas is taken up by the inflowing propellant stream
before entering the thrust chamber. Second is a system
that utilizes a separate waste heat radiator not shown in
Figure 3 for controlledspaceradiation CSR cooling to
handle some specified fraction of the regenerative cool
ing requirement. By this means the inflowing propellant
can reach higher final temperatures than in the ARC/
QED engine system. The CSR mode is not considered
further here. In the ARC mode the power and fluid flow
scheme automatically limits the maximum propellant
temperature enthalpy possible before expansion, and
thus limits the Isp attainable. If a fraction fc of the total
fusion power is deposited in structure constrained to a
maximum temperature of 1800 C 2073 K, for example,
this is given approximately by Isp = 1500/fcM0.5 sec,
where M is the average molecular weight of the dissoci
ated propellant gases.

Rocket Thrust System

ARC/QED Engine Systems
and Subsystems
1 Meter

The ARC system outlined in Figure 3 shows the engine
system mass me in three major subsystems:
1 Thrust system with mass th;
2 Fusion source with mass fs, and;

Figure 3 — Outline drawing of complete ARC/QED rocket
engine system, showing basic components, structure, layout, and subsystems; fusion-electric source, electron beam
generator; thrust system

The two keys to ecient heating are nearlycomplete
absorption of thermal radiation. in this process, and
coupling of the reb into the central dense plasma. Beam/
plasma coupling lengths must be small compared to the
reb path through the propellant gas. Considerable
study17,18 has been given to the interaction of both high
and lowenergy reb’s with dense plasmas. Results 19 show
that reb energy can be absorbed easily in QED thrust
chambers of 0.5 m length, and the beam propagation
can be coupled stably into the propellant. Only modest
magnetic fields typically 0.21.0 T; 210 kG are needed
to inhibit heat transfer to walls downstream of the heat
ing region and to stabilize the propagating ebeam.
Magnet coils for these guide and insulation fields can be
located outside the chamber/nozzle structure and cooled
cryogenIcally by LH2 before the propellant is sensibly
heated by other regenerative heat loads.

3

3 Electric system with mass el
Each of these is made up of several subunits. The thrust
system includes the propellant turbopumps and associ
ated bleed gas supply lines with mass p and the thrust
chamber subsystem of mass tc which includes the e
beam entrance diode assembly, a quasicylindrical heat
ing chamber into which propellant is injected tangen
tially, for centrallyconvergent centrifugal flow, and the
guide and insulation magnet coils, embedded in or
around the chamber and nozzle wall cooling channels.
Analysis of design constraints and normalization to a
single point design, gives a scaling algorithm for mass as:

400 P0  P0 
mth  mtc  m pe 

 I0 
I0

1.67

 40
1

where Po = Pf/2150 is the ratio of total fusion power in
MW, normalized to a point design value of 2150 MW,
and I0 is the ratio of system specific impulse in seconds,
normalized to a point design value of 3500 sec.
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The fusion source is assumed to be an IXL type of IEC
system. This device employs injection ion acceleration
by biased grids, and achieves high core densities from
the ICC wavegrouptrapping eect. This system can be
broken into four main subunits; internal core structure
cs, convertor grid structure gr, device shell supports
internal vacuum, and contains cooling channels sh,
and electric drive structure ed, for core drive. Analysis
of each of these leads to an algorithm for the mass of
this fusionelectric source as:

m fs  mcs  mgr  msh  med
 250 P0  550( K iex ) P0  600( kg ) 2
The factor (Kiex) has been introduced here to account for the difference in mass between the IXL
ion-injection and EXL electron-injection IEC systems. The IXL system has no magnets and Kiex = 1,
while the magnetic fields required by the EXL sys-

4

tem give a magnet coil and subsystem mass that
scales as Kiex = 10. The performance analysis, following, is based on IXL system use.
Similarly, the main electric system breaks into two
convenient sub-units, for electric voltage division
and conversion mce, and for generation and transport of the e-beam meb. The electric system is then
found to be:

mel  mce  meb  1800 P01.67 ( kg )3
With these, the total system mass becomes:

400 
100
 P01.67 1.67
me  P0 (550 )  P0  250 
 1800   640( kg )
I 0 67
I0 
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Overall System Performance
Table 1 — Example Point Design: ARC/QED Engine System
Subsystem/S
System Masses
Thrust system

Fusion source

Electric system

 = 540 kg

Performance
e Parameters
System

Pf = 2150 MW

p = 140 kg

PL = 150MW

tc = 400 kg

Isp = 3500 sec

fs = 1400

F = 11,000 kg

cs = 250 kg

 = 3,650 kg

gr = 300 kg

kgF = F/ = 3.0

mag = 4950 kg

afes = 1.74E3 kg/kW

sh = 600 kg

1/afes = 575 kW/kg

ed = 250 kg

Fusion fuel = p11B

el = 1800 kg

Fusion source dimensions

Rcor = 1.75 m

c = 1200 kg

Rgrid = 2.15 m

eb = 600 kg

Rshel = 2.25 m
Thrust chamber drive

Ebea = 500 keV
Ibea = 4300 amps

Propellant gas conditions
Total System

po = 1E7 dyne/cm2 = 10 atm

 = 3740 kg

i = 3.5E17/cm3 + 1.3x e

* magnet subsystem mass replaces grid mass shown if an EXL system is used

The point design parameters on which the scaling laws
are based are summarized in Table 1, above. Scaling
about these design values is valid over ranges of about
1000 < Pf < 6000 Mw and 1500 < Isp < 5500 sec. The size
of the QED reactor does not vary significantly over
these ranges. There is a minimum size of internal core
and electric conversion structure set by high voltage
stando requirements that can not practically be re
duced. The upper power limit is determined by maxi
mum feasible heat removal from core and grid struc
tures for this size. The point design shown is optimistic
but not impossible; as before, this is based on IXL sys
tem characteristics given success of an ICC mode of
operation. If EXL operation is required, using a super
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conducting magnet version of the polyhedral magnetic
electric system, the mass of the cited point design sys
tem would be 8390 kg. For purposes of flight system
performance estimation it is often useful to utilize a
gross specific mass coecient afes for the entire engine
system, defined as:

me  a fes (1000 )Pf ( kg ) 5
where afes is in units of kg/kW and Pf is in MW. This
parameter provides a ready means of comparison with
alternate electric propulsion systems. This parameter is
NOT a universal constant, but depends on the values of
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Po and I0. For the point design given, afes = 1.74E3 kg/
kW, for a specific power of 575 kW/kg. And finally:

F0 

P0
I 0 6

Turbojets

relates the system thrust, power, and specific impulse.
Here Fo = F/110,000 is the ratio of thrust in Newtons
N to a point design value of 110,000 N 11,000 kg.
‘With this the engine system mass can be written in
terms of Isp and F combining equations 4 and 6, giving
the propulsion system thrusttomass ratio directly.

System Thrust, F(N)
105

3 x 105

6000
5000
4000

104

3000
2500
2000
Pf
1750
1500
1250
1000

5x 10

4

2 x 103

106

5500
5000
4500
4000
3500
3000
2500
2000
1500

Total System Mass, me (kg)

Parametric performance of the baseline IXL rocket en
gine system is shown in Figures 4 and 5, from Equations
16. Note that the engine system thrusttomass ratio
F is in the range of 26 over the Isp range of 15005500
sec. This performance is three or more orders of magni
tude beyond that of any other highIsp engine system
applicable to space propulsion.

3 x 104
2 x 104

103 3
3 x 10

Isp

104

H2 Tanks

QED Engines

3 x 104

System Thrust, F(kg)

105

Figure 5 — ARC/QED engine system mass vs. thrust, for
various values of power and specific impulse.

Aerospace Mission Performance
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QED Engines
Turbojets
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Figure 6 — Schematic outline inboard profile of singlestage-to-orbit (SSTO) QED engine driven vehicle, for LH2
propellant, with assumed gross takeoff weight (GTOW) of
125,000 kg. Use of NH3 propellant would result in smaller
vehicle size.

Vehicle flight performance was estimated from the ex
ponential massratio equation, using a net eective spe
cific impulse Is of the engine system in the vehicl
drag environmen determined over its flight path to
orbit. A flight trajectory was assumed that maintained a
slowly monotonicallydecreasing dynamic pressure after
engine switchover to the QED rocket mode, up to
about Mach 10. At this point the vehicle attitude was
increased for more rapid altitude gain with rapidly de
creasing dynamic pressure and drag D. Taking the tur
bojet engine thrust/mass ratio to be F/tj = 8, and ana
lyzing vehicle drag at hypersonic speeds from simplified
flat plate models allowed estimation of the variation of
vehicle system F/ and D/F ratios along the flight
path. The local Is was then determined from the engine
Isp as Is = Isp1D/F. This is shown in Figure 7, for the
assumed flight trajectory. For comparison, subsonic and
supersonicburning ramjet net Is curves are also shown.
Note that the flightspeedaveraged value is 2200 < Is <
2400 sec; comparable to performance of the subsonic
turbojet engines.

Single-Stage-To-Orbit (SSTO)
This engine system can be used for a horizontaltakeo,
singlestagetolowearthorbit LEO mission in a vehi
cle of the type shown in Figure 6. This uses conventional
turbojet engines for flight propulsion to M = 2.5, and
then switches over to QED rocket propulsion.

6
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Using this variation of Is, the mass fraction remaining
and vehicle flight speed were computed as a function of
flight time, as shown in Figure 8. Burnout occurs at
about 20 minutes 1200 sec, followed by a 45 minute
2730 sec coast to apogee at 555 km 300 nautical miles,
and a thrust increment to add about 107 m/sec 350 ft/
sec for orbit circularization. The orbital mass fraction
remaining in low earth orbit is about 0.62 of gross take
o mass GTOM 0; ample margin for large payload
capacity with sturdy structure factors. Other, independ
ent studies of this vehicle show a lesser mass of about
0.52 GTOM. However, even these allow dramatic reduc
tions in payload delivery costs to LEO with ARC/QED
engine system use.
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Figure 8b — Vehicle flight performance using QED engines,
showing gross mass remaining as functions of flight time

Single-Stage Earth-Mars Flight
Interplanetary flight oers still more attractive possibili
ties, largely because the transit times for such flights can
be reduced drastically from those expected for conven
tional chemical or nuclearthermal missions, while still
allowing use of singlestage systems. This is a direct re
sult of the very much larger propellant specific impulse
available from the QED engine system than from other
highthrust engine options. Vehicle characteristic in
cremental velocity capability is simply increased by the
ratio of net eective Is values between systems.
Analyses were made of the use of QED/ARC engines for
flight of singlestage vehicles from the Earth’s solar orbit
to the orbit of Mars, with circularization at the Martian
orbit but not including Martian gravity capture. Re
sults of this showed that a minimum vehicle with an
initial mass of 500 tonnes could fly to Mars’ orbit in 39.9
days with 103 tonnes 20.6 of useful payload, or in 33.2
days using 12.5 times the thrust with 72 tonnes 14.4
payload. Both vehicles fly as “highthrust” spacecraft,
under force accelerations one to two orders of magni
tude larger than the local acceleration of the sun’s grav
ity field throughout the flight. Studies of other inter
planetary missions show similarly astonishing perform
ance.

41

Figure 8a — Vehicle flight performance using QED engines,
showing flight speed as functions of flight time
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Conclusions
New concepts for electrostatic confinement and control
of fusion reactions between nonradiative fusionable
fuels oer propulsion systems of superior aerospace
flight performance capabilities for transatmospheric
and interplanetary and Earth/Moon space flight. If fea
sible, these QED engines could give performance two to
four orders of magnitude better than that attainable
from any other “conventional” aerospace chemical,
nuclearthermal, or electric propulsion systems. Fusion
electric QED engines typically have 2 < F < 6 and 1500
< Isp < 5500 sec, and thus oer both “highIsp” and “high
thrust” capabilities. With these engines, space transport
costs could be reduced to levels comparable to those of
current highspeed aircraft and space flight would be
come economically attractive, widely available and prac
tical, at last.
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