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Abstract
The interstellar ramjet concept allows us, at
least hypothetically, to get around the mass
ratio limit inherent with relativistic fuel
carrying rockets. The required ramjet energy
must be extracted from the nuclear reserves of
the interstellar hydrogen interstellar deute
rium is too scarce. Unfortunately, the usual
PPI chain for converting hydrogen to helium is
hopelessly slow due to the minute weak inter
action cross section of the reaction p + p  2D
+ e+ +  at essentially any energy. It is shown
here that this problem can be avoided, in prin
ciple, by exploiting a proton burning catalytic
cycle. The best known catalytic cycle is the
CNO BiCycle occurring in suciently hot
main sequence stars. The catalyst “fuel” may be
carried on board the ship since it is not de
pleted, and the ultimate source of energy is the
interstellar hydrogen. It is shown that with po
tentially realistic parameters the energy re
quirements for a ramjet accelerating at 1g to
near luminal velocities can be met with either
the “hot” CNO BiCycle or the NeNa cycle.
Some of the formidable technological prob
lems associated with a conventional heavy ion
fusion reactor are briefly discussed. It is not
absolutely necessary that a conventional
plasma reactor model be used; for example a
laser fusion reactor or a large scale Migmatype
reactor if technologically possible might be
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employed. The problem of interstellar drag is
considered and a model is suggested in which
the incident proton’s kinetic energy is stored in
the electric field between charged grids and
returned to the exhaust particles after the rele
vant nuclear reactions are completed. Such a
combination of electric and magnetic fields
would make less severe other suggested limita
tions to the ramjet’s performance. The prob
lem of ionizing the interstellar medium di
rectly in front of the ramjet when operating in
nonHII regions of space is also discussed. It is
shown that laser ionization is energetically
possible for interstellar number densities 10
cm3; however, since the laser also tends to
sweep the interstellar matter out of the ram
jet’s path, more quantitative study is necessary
before the method can be considered feasible
at any density. The possibility of using a thin
stripper foil, placed over the intake cross sec
tion, to ionize the interstellar medium is sug
gested. This method has the advantage of e
ciently ionizing the interstellar matter inde
pendent of density.

Introduction
The physical limitations to relativistic space
flight by vehicles that carry their own fuel are
well known.1,2,3 ,,4 If chemical or nuclear energy
is employed, the ratio of fuel mass to payload
mass becomes prohibitively large as Vmax  c.
Even if a means were found to obtain 100
conversion of mass to energy, only moderately
relativistic ships could be realistically consid
ered. Though technological details such as the
particle exhaust velocity aect the exact value

1

of the initial to final mass ratio, the limit de
pends essentially only on the conservation of
energy and momentum and is therefore fun
damental. One alternative to the fuelcarrying
relativistic rocket is a ship that is pushed by a
terrestrial or solar system based laser.5 The ad
vantage is that the large mass necessary for ac
celerating the vehicle would not have to be
taken along. Unfortunately, in the rest frame of
the ship the photon momentum is red shifted
and there is a decrease in intensity with in
creasing velocity.6 The resulting decrease in
eciency represents a serious physical restric
tion on this type of propulsion.

The deuterium exoergic reactions

At present the only remotely promising model
for a relativistic spacecraft is the interstellar
ramjet, first considered quantitatively by
Bussard. 7 As the name indicates, the ship ex
tracts its fuel from the interstellar medium in
analogy with its terrestrial counterpart; the
fundamental problem of carrying fuel along is
thus avoided in principle. However, several ob
jections have been raised concerning the ulti
mate potential performance of the
ramjet.8,9,10,11 Perhaps the most serious concep
tual diculty is that the proton burning PPI
cycle is far too slow. The chain consists of the
following sequence of reactions:

This problem was recognized in Bussard’s
original work, but no viable alternative to the
PPI chain has yet been suggested. Here we
show that the problem of the slow PPI rate
can be resolved in principle by exploiting a
proton burning catalytic cycle similar to the
well known CNO BiCycle occurring in su
ciently hot main sequence stars. The catalyst
“fuel” can be taken along since it is not de
pleted, but the ultimate source of energy is the
inters teller hydrogen. The slowest links in the
catalytic chains will be found to be 1018  1019
times faster than the PPI rate at an ion tem
perature of 86 keV and number density of 5 x
1019 cm3.

p + p  2 D + e+ + v
2
3

D + p  3 He + 

He + 3 He  4 He + 2 p

It is the first proton burning reaction to occur
in main sequence stars and accounts for the
long lifetimes of these stars. The net result of a
cycle is the conversion of four protons into a
4He nucleus with the release of 19.53 MeV of
potentially usable energy plus 0.263 MeV in
neutrino losses the complete conversion of a
quantity of hydrogen to helium requires the
first two reactions in the chain to occur twice
as often as the third. The weak interaction p +
p  2D + e+ +  cross section, at essentially any
temperature, is hopelessly small and could
never be used for propulsion power we show
this quantitatively later.
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T+p
have cross sections that are typically 1024 times
greater than the p + p  2D + e+ +  cross sec
tion; unfortunately, even using the most opti
mistic estimate of the abundance of 2D in the
interstellar medium, the magnetic scoop cross
section would have to be prohibitively large.
The ramjet is thus limited to burning the inter
stellar hydrogen for fuel.

In addition to the ramjet energy source, the
important problems of interstellar drag and
ionization of the interstellar medium in non
HII regions of space is discussed.

The Interstellar Ramjet Reviewed
A major technological obstacle in the opera
tion of an interstellar ramjet is the enormous
by present standards cross section of the
magnetic intake scoop necessary to maintain
an acceleration of 1g, say. Assuming hydrogen
can be burned at the necessary rate the ramjet
proper acceleration a, is:7
as = M H c 2

n0
Ms

(   ) 1

2

Here  is the ramjet velocity divided by c
relative to the interstellar medium,  is an e
ciency parameter, A is the scoop cross section,
M is the ship mass, o the proper number
density of fuel in the interstellar medium, and
 is the fraction of mass converted into poten
tially usable energy. In calculating  care must
be taken to subtract out the neutrino energy.
Because of neutrino losses  will in general de
pend on the actual nuclear reactions rather
than just the initial minus final nuclear masses.
For example, the fusion of a given quantity of
hydrogen to helium by PPI gives  = 0.0070
while CNO fusion gives  = 0.0067. Setting as =
980 cm/sec2,  = 0.007,  = 1, Ms = 109 g, and o
= 103 cm3, A is fixed at 104 km2 corresponding
to a circular radius of 56 km or 35 miles. The
mean number density in interstellar space is 1
10 atoms/cm3, requiring scoop radii of 1900
500 km respectively. Therefore, independent
of other restrictions, nuclear powered ramjets
may require nebular regions of space for take
os if accelerations greater than 1g are desired.
However, once the desired velocity is obtained
in a nebula runway, it will be maintained and
even increased as the ship moves into less
dense regions of space. This is evident from
Equation 1 since so long as 0  0 acceleration
will continue but at less than 1g. Nebulae are
also required for stopping interstellar ramjets
since deceleration requires as much energy as
acceleration.
It does not seem likely that a ramjet could ac
celerate or decelerate in the solar neighbor
hood and unfortunately there is no suciently
dense nearby nebula. The ship could of course
be conventionally propelled to the nearest
nebula, but at considerable cost in time. How
ever, technologies lying within or near a dense
nebula would have no such constraints. A chief
motivation in the study of interstellar ramjets
or other interstellar spacecraft models should
be the realization that similar extraterrestrial
spacecraft may be observable from earth, pro
vided we know where to look and at least
qualitatively what to look for. As noted above,
dense nebulae oer a natural runway for accel
erating interstellar ramjets. To determine the
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observational properties of a ramjet it is neces
sary to know how the ship interacts with the
interstellar medium, the quantity and spectral
distribution of radiation emitted, whether the
fusion reactor is pulsed as in contemporary
machines or continuous as in current con
cepts for eventual fusion power systems, and
the kind of nuclear reactions that can power
the spacecraft.

The Catalytic Ramjet
It has been implicitly assumed in the above
discussion, as in Bussard’s original paper,7 that
the ramjet fusion reactor is somehow capable
of burning hydrogen to helium at the necessary
rat to maintain 1g acceleration. We have al
ready noted that the PPI chain is not capable
of generating the necessary power. For a given
magnetic scoop cross section A, it is evident
from Equation 1 that the acceleration depends
linearly on the interstellar fuel number density
no. Hence for a deuterium reactor the accel
eration is reduced by the factor DD/HH =
0.14D/H over what it would be if hydrogen
could be used as fuel. If the products of 2D +
2D further interact. to make 4He then  
0.0064 rather than the value 0.001 used here.
The ratio D/H is not known in general and
may vary considerably in the interstellar me
dium if deuterium does not have a primordial
origin. The terrestrial value of D/H is = 104,
but a recent measurement12 gives an interstel
lar ratio near one star at least of ~105. This
means that for a given acceleration and mass a
deuterium powered ramjet requires a scoop
cross section 106 times greater than a proton
burning ramjet with the same mass and e
ciency parameter. Since A for a proton burning
ramjet accelerating at 1g is already quite large,
there seems little hope for a deuterium burn
ing ramjet unless the D/H ratio turns out to
be anomalously high in certain regions of the
galaxy. Other charge particle reactions such as
p + D, D + 3He, D + T, etc. can also be ruled out
because of low interstellar abundances. The
tritium would in fact have to be made first by
D + D.
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The problem is to be able to use the interstear hy
drogen as fuel, but somehow avoid the impossibly
slow p + p  2D + e+ +  rat. This can, in fact,
be done by exploiting a catalytic nuclear reac
tion chain. As the name suggests, one element
in the cycle acts only as a catalyst and after
completion of the cycle is returned to the
plasma. The catalyst fuel is not depleted and ca
therefore be carried along in the ship. The best
known proton burning catalytic chain is the
CNO BiCycle occurring in suciently hot
main sequence stars.13 At ion temperatures and
densities to be considered here 86 keV and 5 x
109 cm3 the usual CNO BiCycle is modified
and the socalled “hot” CNO BiCycle is
operative.14 In the hot BiCycle the reaction
13Np,14O is faster than the usual beta decay
13N  13C + e+ + , but the end products of the
chain are essentially the same. The hot CNO
catalytic BiCycle consists of the following re
action chain:
12

C + p  13 N + 

13

N + p  14O + 

14

O  14 N + e+ + v

14
15

N + p  15O + 

O  15 N + e+ + v

15

N + p  12C + 

with weaker branches 13Ne+  13Cp, 14N,
the usual CNO branch, and 15Np, 16Op,
17Fe+  17Op, 14N. Another proton catalytic
cycle is the NeNa chain:
20
21

Na  21 Ne + e+ + v

21
22
23

Ne + p  21 Na + 
Ne + p  22 Na + 

Na + p  23 Mg + 

Mg  23 Na + e+ + v

23

Na + p  20 Ne + 

Other proton catalytic cycles involving nuclei
with higher Z may be possible, but at ion tem
peratures of 86 keV their cross sections will be
dominated by the Coulomb barrier and hence
the corresponding reaction rate will be much
lower than the above chains. Radiation losses
become significant when nuclei with Z > 2 are
present in a fusion reactor and this problem
will be discussed after the relevant thermonu
clear reaction rates are determined.
In all calculations an ion temperature of 86.2
keV = 109 °K will be used. This temperature is
typical of ramjet fusion ion temperatures used
by other authors and is presumably within the
capability of future technology. At Tio  86.2
keV there will be some leakage out of either
catalytic cycle, however, this can be tolerated
since the interstellar abundance of 12C and 16O
is quite significant these nuclei are most
abundant next to H and 4He. The interstellar
abundance of 20Ne is also expected to be high.
We assume that the interstellar medium has
been enriched over its primordial abundance.
This will certainly be true of nebulous re
gions. The ramjet reactor can thus aord to
leak some of its initial onboard catalyst fuel.
The fuel used as a hot CNO catalyst can be
any element in the chain since at Tio 86.2
keV the entire BiCycle will rapidly come into
equilibrium anyway several 12Cp, lifetimes
are probably sucient. At equilibrium in the
hot CNO BiCycle the 14N abundance will be
greatest since the 14Np, rate is the slowest.
At equilibrium in the NeNa cycle the 20Ne
abundance will predominate. Since cycle times
are determined essentially by the 14Np, and
20Nep, rates respectively, it is sucient to
consider only <> for these rates.
The thermonuclear reaction rate for a given
reaction is defined as the number of particles/
cm3sec undergoing the nuclear reaction: it is
given by
rab = na nb  v

ab

2

In these cycles the slowest reaction rates the
quantity <> below are ~1018 and 1019 re
spectively times greater than the p + p  2D +
e+ +  reaction rate at Tio = 86 keV = 109 °K.

where a and b are the respective reactor
number densities of the reacting nuclei, and
<> is the product of cross section as a func
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tion of velocity times the relative velocity av
eraged over a MaxwellBoltzmann distribution
of velocities. If nuclear species a and b are
identical, Equation 2 is multiplied by a factor
of 1/2. To compare rates it is convenient to
consider only the temperature dependence of
rab, therefore the quantity <>, the reaction
rate per pair of interacting particles, is nor
mally quoted.
Despite the fact that the CNO and NeNa cy
cles are 108 to 109 times faster than the PPI
chain at Tio = 86 keV, it remains to be shown
that this is sucient. We first determine how
many hydrogen atoms must be burned per sec
ond to maintain a given acceleration and then
calculate the reactor parameters necessary in
order that the reactor burn hydrogen at this
same rate. The number dN of protons scooped
up in ship time d, is
dN = c n0 A ( dt s ) 3
where o is the proper interstellar number
density and  = 1  21/2. For a given onboard
acceleration as, A can be found from Equation
1 and substituted into Equation 3, giving
 dN
 dt



s

in

 
(   ) 4
=
cM H  

This is the number of protons that must be
burned to helium per second in order that a
given ship acceleration as be maintained. Tak
ing  = 1,  = 10, as = 1g, Ms = 109 g,  = 0.0067,
and  = 1, this corresponds to an energy genera
tion of 1.2 x 1017 W.
The number of reactions per second in a
spherical fusion reactor of radius L is, from
Equation 2,
 dN 
 dt 
s

= na nb  v
burned

ab

4 L3
5
3

and we require that
 dN 
 dt 
s

burned

 dN 
=
6
 dt s  in


na nb L3 = 

3
4 cM H 

as M s
7
 v ab

Taking the above ship parameters
na nb L3 =

6.6x10 27
8
 v ab

A semiempirical extrapolation gives the fol
lowing rate for p + p  2D + e+ +  16

v =

 3.38 
7.0x10 39
exp  1/3 
2/3
T9
 T9 

(1 + 0.123T

1/3
9

9

)

+ 1.09T92/3 + 0.938T9 cm 3 sec 1

where T9 is the ion temperature in 109 °K. For
T9 = 1 = 86.2 keV, Equation 9 gives <>pp = 6.6
x 1039 cm3sec1 and from Equation 8, H2L3 =
1066. Taking H = 5 x 1019 cm3 the required re
actor radius is L = 7.35 x 108 cm = 4.6 x 103
miles! Of course the mass of a reactor with this
dimension would be much greater than our as
sumed 109 g. Hence, it is physically impossible
to accelerate any object at 1 g to near luminal
velocities using the PPI chain.
A semiempirical extrapolation of the 14Np,
and 20N ep, reaction rates gives16
v

N P

=

 15.228

7.0x10 17
exp 
 0.825x10 2 T92 
2/3
1/3
T9
 T9


(

)

x 1 + 0.027T91/3 +
+

 3.01 
3.8x10 21
exp 

T93/2
 T9 

 11.476  8.5x10 18
 28.147 
1.04x10 19
+
exp
exp 



3/2
3/2
T9
T9
 T9 
 T9 

10
and
v

(

NeP

=

 19.447

1.56x10 17
exp 
 4.48T92 
2/3
1/3
T9
 T9


x 1 + 2.14x10 2 T91/3  0.427T93/2  6.4x10 2 T9
+

)

 4.381 
 10.598 
2.73x10 19
+ 1.6x10 20 exp 
exp 


2/3
T9
 T9 
 T9 

11

or
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At T9 = 1, <>NP = 2.1 x 1022 cm3sec1 and
<>NeP = 3 x 1021 cm3sec1. Assuming equal
hydrogen and catalytic fuel number densities
of a = b = 5 x 1019 cm1 gives LCNO = 19 m and
LNeNa = 9.6 m. The minimum plasma confining
magnetic field can be estimated by equating
the magnetic energy density to twice the ki
netic energy density,
B2
= 2nkTion 12
8
With our assumed temperature and number
density, B = 1.8 x 107 Gauss which is considera
bly greater than current laboratory magnetic
fields but perhaps within the range of an ad
vanced technology. We conclude that the “hot”
CNO BiCycle and the NeNa catalytic cycle
are theoretically capable of generating su
cient power to accelerate a ship of mass 109 g
at 1g to near luminal velocities with potentially
realistic reactor parameters. The reactor pa
rameters necessary for the NeNa cycle are
Tio = 86 keV,  = 5 x 1019 cm3, B = 1.8 x 107 G
and L = 9.6 m. Another possible set of reactor
parameters is  = 1.5 x 1021 cm3  air, B  8 x
107 G, and L = 1.5 m.
Bremsstrahlung and cyclotron radiation losses
normally become critical in a reactor when nu
clei of charge Z > 2 are present in the plasma.
A straightforward calculation indicates that
radiation energy losses at Telectro = 86.2 keV are
greater than energy production for either cata
lytic cycle. However, the radiation losses are
due to accelerating electrons and in a heavy ion
reactor a steady state will exist in which the
electron temperature will be considerably less
than the ion temperature.9 At the reactor den
sities and dimensions considered here,   5 x
1019 cm3 and L  10 m, some of the cyclotron
and bremsstrahlung radiation will be reab
sorbed. On the other hand, too much interac
tion between the radiation and matter will
tend to bring the electron and ion tempera
tures into equilibrium and create a radiation
pressure that must be taken into account. A
radiation contribution to the pressure would in
turn require a stronger confining magnetic
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field. Since the plasma is not in thermody
namic equilibrium the mean charge state of a
heavy ion is not that obtained from an equilib
rium calculation. For a given ion temperature,
the actual charge state may be less than the
equilibrium value. This will lower the eective
nuclear Z and considerably reduce the brems
strahlung power losses, though it is dicult to
estimate this eect quantitatively without de
tailed knowledge of the reactor system.
There are no practical fusion reactors of any
kind at present and the prospects for a work
able heavy ion reactor with our assumed pa
rameters are more remote. Nonetheless, the
diculty seems to be of a technological rather
than fundamental nature. Other means of ob
taining energy from the catalytic fusion of in
terstellar hydrogen can be imagined. A pulsed
laser fusion reactor or a large scale catalytic
Migmatype reactor,15 if technologically possi
ble, might be employed. These reactors would
not significantly enhance the PPI rate how
ever. The important point is that the catalytic
proton burning model is at least theoretically
capable of using the interstellar hydrogen to
generate the power required for acceleration at
1g to relativistic velocities.

Interstellar Drag
We turn now to another conceptual problem
facing relativistic spaceflight, that of interstel
lar drag or momentum loss to the interstellar
medium. The problem can be appreciated by
imagining oneself in the ship’s frame of refer
ence. Suppose the ship’s velocity is  = 0.5. We
observe 150 MeV protons exchanging momen
tum with the ship’s magnetic field; but the
field is coupled to the ship so this is equivalent
to headon collisions with the ship itself. The
protons are stopped in the fusion reactor
where they undergo nuclear reactions. Sup
pose, for example, particles are expelled out
the exhaust giving the ship its forward thrust.
The most exoergic fusion reaction will not
yield more than several MeV per particle of
usable energy.16 Therefore, if the ship’s velocity

6

is greater than a few percent the speed of light
it loses momentum in the process.
The incident proton kinetic energy and mo
mentum can be recovered, in principle, by em
ploying charged grids or nets as illustrated in
Figure 1. The direction of the electric field E is
shown in four regions; the arrows indicate the
direction of the electric force on a positive
charge and the diagonal lines represent the 
magnetic scoop boundary. The electric field E
is essentially zero in regions A and D, but once
the positively charged proton arrives in region
B its motion is retarded. The proton’s energy is
lowered from ~BeV, say, to 100 keV prior to
entering the reactor mouth. Its kinetic energy
is stored, for the time being, in the electric
field of the forward capacitor. Note that due to
its greatly reduced momentum the proton can
now be funneled into the reactor with a much
weaker axial magnetic field. When the reaction
product an particle, say emerges in region
C it is electrostatically accelerated to an energy
equal to the kinetic energy loss of four incident
protons plus the nuclear energy released in the
relevant p, reaction. The mass of an 
particle is  1 times that of four protons,
therefore for the same kinetic energy the 
particle will possess slightly less momentum.

D - C
E=0

+
+
+
+
+
+
+
+
+
E

+
+
+
+
+
+
+
E

B - A
E=0

Figure 1 — Schematic representation of a
drag-free interstellar ramjet

Nonetheless, it can be shown that this mo
mentum loss is always less than the gain from
the relevant nuclear reaction  ~ 0.007 and E
~ MeV so long as all the incident kinetic en
ergy is stored and recovered eciently. The
ship is now essentially dragfree since an inci
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dent proton will recover its original kinetic en
ergy and momentum even if there is no exoer
gic reaction.
The required magnitude of the capacitor elec
tric field E can be estimated in the following
way. An incident proton of kinetic energy E
must essentially be stopped, therefore the po
tential energy drop V across the forward grids
must be
V = Ek = eEl1 13
where l1 is the forward capacitor grid separa
tion distance. Suppose we want a ship time di
lation factor of  = 10, then E  9MPc2  BeV
and
9x10 9
E(volts / meter) =
14
l1 ( meters )
For l1 = 10 km ~6 miles, E = 9 x 105 V/m. For
fixed l, the field E could be varied in flight ac
cording to the ship’s velocity. In maintaining
the necessary grid charge, work must be done
in bringing up new charges to the plate; but
since there are no net energy losses in deceler
ating and accelerating the interstellar protons,
the energy necessary can easily be supplied by
the fusion reactor itself with our assumed en
ergy generation of 1.25 x 1017 W. To avoid unde
sirable fringe eects the grid dimension should
be comparable to l1, i.e. 110 km. The grid di
mensions are still relatively small compared to
the magnetic intake cross section A. As the
incident protons are slowed between the for
ward grids, a steady state condition will exist in
which the plasma number density increases
toward the reactor.
The combination of electric and magnetic
fields similar to that shown in Figure 1 make
less severe the minimum mass and intake frac
tion problems8,9 since much weaker axial mag
netic fields are required. The model should also
help reduce magnetic scoop synchrotron radia
tion losses since the incident protons and elec
trons are decelerated and accelerated primarily
in a linear direction. With electric fields of ~106
V/m there is no minimum mass stress limit
analogous to the one for the magnetic field.8
7

The mass of the grids nets must of course be
included in Ms.

Ionization of the Interstellar Medium
If the ramjet accelerates in other than HII re
gions of space, the ship itself must ionize the
interstellar hydrogen in front of it. It has been
suggested8 that to accomplish this one merely
needs to shine a light in front of the ramjet. It
takes only ~13 eV of the ship’s energy to ionize
a single hydrogen atom, whereas the same
atom returns ~MeV in the subsequent nuclear
reaction; hence, it would appear that the ship
could easily supply the required energy. We
note first that to be e cient the light must be
a laser, otherwise too many divergent photons
will be wasted. A di culty with the laser ioni
zation method is that the laser will, in addition
to ionizing the interstellar medium, tend to
sweep the ions out of the ramjet’s path. Pre
sumably the laser will create an HII region of
temperature ~104 °K. The corresponding ion
thermal velocity is = 1.6 x 106 cm/sec; thus only
atoms ionized a small distance in front of the
ramjet can be utilized. This distance depends
on the scoop cross section and ship velocity;
for a cross section radius of 56 km and  = 1,
the cuto distance is ~1011 cm. The UV pho
tons that go on to ionize atoms further away
are wasted. If more than 105 13eV photons are
required per usable hydrogen atom, then the
laser ionization method will not be energeti
cally feasible. The hydrogen ionization cross
section H at 13 eV is ~ 1017 cm3 and the mean
free path is H 1 = 1014 cm for  = 103 cm3.
Hence, the fraction of UV photons that ionize
a usable hydrogen atom is 1  exp 1011/1014 = 1
 exp103  103. Thus the method is energeti
cally possible for interstellar number densities
 10 cm3. However, the laser will tend to sweep
away the interstellar matter at distances  1011
cm, thereby reducing . In order that the laser
ionization method be energetically possible it
must be shown quantitatively that the number
density seen by the ramjet is > 10 cm3. This
question will be taken up in detail elsewhere.
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In addition to the possibility of laser ioniza
tion, the interstellar hydrogen in nonHII re
gions of space can be ionized by a thin stripper
foil placed over the intake area A. This method
of ionization has the advantage of being inde
pendent of the interstellar number density;
thus it would be applicable in regions where o
< 10 cm3. If  >> 1 a thin foil will strip the elec
trons from the incident hydrogen atoms, yet
retain only a small amount of the proton’s ki
netic energy. The incident proton velocity will
determine how thin the foil has to be. The
stopping power dE/dx of an ion passing
through solid matter varies inversely with en
ergy; therefore the greater the incident proton
energy the less ion energy lost to the foil. 17
Stripper foils are often used for this purpose in
the positive terminals of Tandem Van de Graa
accelerators where negative ions must be
stripped of their electrons prior to entering the
second stage of acceleration. The energy lost
to the foil by the ions and electrons will be ra
diated away and there will be negligible heating
of the foil. To obtain a physical feeling for the
amount of deterioration of a foil or any other
physical structure traveling through interstel
lar space at relativistic velocities, it is instruc
tive to calculate the maximum current flowing
through 1 cm2 of foil area. Assuming o = 103
cm3 and  = 1 the current per cm2 is
1 dQ
=  pe c   pe c =  ecn0 = 4.8 mA / cm 2
( area ) dt
15
where  is the space frame charge density 
 eo. Even for  = 100 there is less than a mil
liamp of current flowing through each cm2 of
plate less than a microamp for o = 1 cm3.
We conclude that for  >> 1 the foil and for
ward grid will not su er undue deterioration
from the interstellar hydrogen at least or ex
tract excessive energy from the incident pro
tons.
The major drawback with this method of ion
izing the interstellar hydrogen is the additional
mass required. The foil must be strong thick
enough to support its weight against 1g accel
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eration. If it is to cover the entire scoop cross
section then the foil mass using present mate
rials may be greater than our assumed ship
mass of 109 g. It might be worth noting how
ever, that recent advancements in material
technology18 have produced materials compos
ite fibers well over an order of magnitude
stronger per unit mass than existed when the
ramjet was first. suggested. An original objec
tion to the ramjet concept was that the ship
must be too tenuous; but this criticism was
based on calculations using strengths per unit
mass comparable to steel. The ramjet as a hold
must still be quite tenuous even by today’s
standards, but it can no longer be dismissed
outright on this objection alone.

Concluding Remarks
We have shown that with our assumed pa
rameters the catalytic “hot” CNO BiCycle and
the NeNa cycle are theoretically capable of
generating energy at a rate sucient to accel
erate an interstellar ramjet at 19 to near lumi
nal velocities   1. Although the catalyst fuel
is carried along it is not depleted and the inter
stear hydrogen is the ultimate source of energy. The
minute p + p  2D + e+ +  rate is thus by
passed in the conversion of 4H  He. Taking
Ms = 109 g 2.2 million pounds, o = 103 cm3 in
an HII region, and a0 = 980 cmsec2, the fol
lowing parameters are required: magnetic in
take cross section radius ro = A / 1/2 = 56 km
35 miles, reactor radius L = 9.6 m, reactor
number density  = 5 x 1019 cm3, reactor ion
temperature Tio = 86.2 keV due to plasma ra
diation losses it is also assumed that Telectro <<
Tio and reactor magnetic field B = 1.8 x 107 G.
The reactor parameters depend essentially
only on the assumed ship acceleration as, ,
and Ms. These parameters can be played o
against one another to some degree; for exam
ple  and B can be decreased increased if L3
is increased decreased proportionately. In re
gions of space where o >> 103 cm3 the tech
nological constraints on the ramjet’s perform
ance become much less severe. The spacial ex
tent of these dense regions will in general be
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less than a light year, thereby requiring ramjet
accelerations greater than 1g.
We have considered one possible method of
recovering the lost energy and linear momen
tum of the protons when these particles are
brought essentially to rest in the fusion reac
tor. The dragfree model is in principle capable
of storing and returning the proton energy and
momentum eciently. Eciency is very im
portant if large ’s are to be obtained. This is
because a fractional loss in incident energy and
momentum must be made up at the expense of
the nuclear energy released. In the ship frame
this energy is constant, but a given fraction of
the incident energy increases in absolute value
with .
The problem of ionizing the interstellar me
dium directly in front of the ramjet when op
erating in other than HII regions of space is
discussed. It was shown that laser ionization is
energetically possible for number densities >>
10 cm3, but that the laser also swept matter
away from the ship’s path thereby reducing the
number density seen by the ramjet. A more
quantitative analysis of this method is neces
sary before it can be considered feasible. The
possibility of using a thin stripper foil to ionize
the interstellar matter was considered. This
method has the advantage of eciently ioniz
ing the interstellar medium independent of
density.
The physical problems related to relativistic
spaceflight with an interstellar ramjet are for
midable. Here we have only touched upon
some of the more fundamental diculties fac
ing the interstellar ramjet, and clearly much
more quantitative study is required before the
ramjet concept can be considered technologi
cally possible. On the other hand, it would be
premature to discount the fusion ramjet as a
potentially viable means of relativistic inter
stellar spaceflight, especially for technological
civilizations within or suciently close to
nebular regions of the galaxy.
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