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Abstract

An advanced nuclear rocket propulsion system based on a chain
of exploding thermonuclear micro-bombs ignited in front of a con-
cave magnetic reflector open at one side was proposed previ-

ously(l’2’3’4).

It is shown that for such a propulsion system to
work with ideally high efficiency the following conditions have to
be satisfied:

1, The thermonuclear material for the micro-bombs has to be
a stoichiometric mixture of He3 and D in solid or liquid form.

2, The ignition of the micro-bombs has to be accomplished
by an intense relativistic electron beam."

3-D thermo-

Requirement 1) results from the property of the He
nuclear reaction to lead to charged fusion products only, in contrast
to the T-D reaction in which 80% of the released enerpy is set free
in neutrons. Requirement 2) results from the much higher ignition

3-D thermonuclear reaction as compared to the

temperature of the He
T-D reaction, to he accompanied by a substantial increase in the
ranges of the charged fusion products. This would normally lead to

energy inputs for ignition of the He3—D reaction many orders of
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magnitude larger than those for the T-D reaction, therefore excluding
laser systems for ignition. Intense relativistic electron teams, how-
ever, can bypass this difficulty by virtue of their very strong self-
magnetic fields. This strong self-magnetic beam field leads to three
effects reducing the minimum energy input required for ignition sub-
stantially: first, it will confine the charged fusion products to
within a sufficiently small volume; second, it will reduce

the electronic heat conduction losses within the plasma of the
micro~bomb; and third, it will delay the thermal expansion losses of the
micro-bomb plasma by magnetic confinement.

The electron beam method for thermonuclear micro-bomb ignition
has the further distinct advantage over laser ignition systems that
intense relativistic electron beams can be produced with much higher
efficiency than laser beams, which is of special importance for any
propulsion system. It is shown furthermore, that intense relativistic
electron beams can be produced even more.efficiently by a novel in-
ductive energy storage system which is distinguished by its low
weight, another property of great importance for its application to
propulsion. 7

The proposed advanced propulsion system is a high specific
impulse high thrust system which will make possible flights to Mars’
in less than a week, to the planet Jupiter in less than a month and
to the planet Pluto at the edge of our solar - system within a year.

These short interplanetary transit times would make it the ideal prb—

pulsion system for future manqed missions within the solar system.
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1. Introduction

One of the principal problems towards manned exploration of
the solar system is the development of a high specific impulse
high thrust propulsion system. It is recognized that only with
e propulsion system, producing both, sufficient thrust and a high
specific impulse, will it be possible to reduce the transit times
for manned interplanetary missions to comfortable levels., It is
furthermore obvious that such a system has to make use of nuclear
energy.

Nuclear propulsion systems of proven feasibility are all
utilizing the release of nuclear energy by the fission prbcesn.

-In the NERVA system hydrogen is heated up to several thousand
degrees Centigrade by a'solid core nuclear reactor. Although
such a system can produce substantial thgust, it is limited in
its specific impulse arising from material problems of the
reactor core setting an upper limit for the technically attainable
reactor temperature. As a result, the maximum specific impulse which
can be reached with such a system is approximataly twice as large as
compared with advanced chemical rockets. This increase in specific
impulse is indeed a great progress over chemical propulsion and can
be compared to the development in aircraft propulsion by going from
propeller to jet driven systems. Raising the specific impulse by a
factor of two, for example, would greétly reduce the cost for lunar.
missions and could be thus of great 1mpor;anée in the future estah-
lishment of permanent lunar bases. An increase in a factor two over

chemical propulsion iﬂ the attainable specific impulse, however, is

RN
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insufficient to reduce the transit times within the solar system to
levels desirable for manned missions and will still lead to trips
lasting of the order years even for the nearest planets like Mars
and Venus.

The other nuclear rocket propulsion systems of proven feasi-
bility are without exception based on the use of ele;tric power
generated by a space nuclear power plant to drive either a beam
of ions or a plasma by a var;ety of means of accelerating a jet,
either by thermal heating, or magnetohydrodynamically, ;f electro-
statically. All these propulsion systems are limited due to the
maximum attainable power per unit mass of any space nuclear power
plant primarily as a result of the large radiator mass. 1In spite of
having a high specific impulse such systems can only produce mnderate
thrusts. Although the high specific impulse would make the attainment
of high vehicle velocities possible, required for short transit times
for interplanetary missions, the low thrust leads to acceleration
times (to attain these velocities),which are of the order of years,
and which in effect again result in interplanetary transit times
of years.

In summary, one can therefore safely say .that the state of
the art does not permit interplanetary missions in reasonable short .
times as they are already pogsible for trips to the moon.

It is widely hoped that a way out of this dilemma will arrive
with the development of the gas core reactor rocket engine. But
even here, quite apart from the two principal problems of fuel
containment and heat Efansfer, the expected gain in specific

impulse is in no way so dramatic as one would expect it to be the
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case for the employment of nuclear energy. It should be conceded,
however, that a breakthrough for such a concept would be of the
greatest importance in the field of propulsion. Until now and in
spite of intensive studies such a breakthrough has not been achieved.

There are two other proposed advanced nuclear propulsion
systems frequently mcntioned in the literature, the Orion bomb
propulsion concept and thermonuclear propulsion.

In the Orion concept it is proposed to propel the spacecraft
by a sequence of exploding atomic bomhs. Such a system promises
both large thrust and large specific impulse. It is otvious, how-
ever, that the technical prohlems associated with such a system are
considerable, quite apart from the political considerations in con-
junction with the test ban treaty. Furthermore, such a system
seems to be only prudent for very large spacecraft and payloads.

The other mentiored propulsion system, that is the thermo-
nuclear propulsion system, is not clearly defined since it depends
upon the still unsolved problem of controlled thermonuclear fusion.
When mentioned in the literature, however, it is norrally understood
that such a system depends upon some kind of magnetic plasma con-
finement device whereby the "magnetic bottle' has an opening for
the hot thermonuclear plasma to enter an exhaust nozzle. The
principal problem of such a system is the weight factor. Fven
if the magnetic confinement problem can be eventually solved, it
is widely agreed that such a system must have an enormous size
and consequently a weight of many thousands of tons, making it again

only interesting for very larpe spacecraft.

il



2. ‘Tlhermonuclear micro-bomb propulsion

A distinct advantage of the Oricn propulsion concept is that
it 18 a pulsed system. It is well known that material can with-

stand much higher heat fluxes if exposed to them only for a short

period of time. This is one of the reasons for the good performance

of the internal combustion engine, which is a chemically pulsed

system. The principal disadvantage of the Orion propulsion concept

is that it depends on a sequence of exploding fission bombs. Fission

bombs have alvays a critical mass making only sufficiently large
nuclear fission explosions economical.

In contrast to fission bomhs the situation is quite different
for thermonuclear bombs. As long as a thermonuclear bomb relies
on a fission bomb as trigger, it again has a lower explosion size
limit, dictated by the minimum explosive power of the fissién
trigger. However, if a fissionless trigger mechanism can he found,
which like  an exploding fission bomb can produce the requ’-ed
high temperatures for thermonuclear ignition, but unlike a fission
bomb within a much smaller volume and thus with a much smaller

energy release, thermonuclear micro-explosions could be set off by

igniting pellets of thermonuclear explosives a few mm across. The

energy release in such micro-explosions could be conceivable
equivalent to the explosive power of one ton.of TNT, explaining
the proper word thermonuclear micro-bomb{ since a thermonuclear
bomb is usually associated with an energy reiease in the megaton
range.

_ Provided a fissionless trigper mechanism can be found, a chain

of such thermonuclear micro-explosions could be used for rocket

pe
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propulsion by letting the explosions take place in a concave
reflector open at one side.

The use of thermonuclear micro-bombs instead of fission bombs
as in the Orion concept has two distinct advantages: first, it
works with much smaller explosions per pulse and which are much
easier to control; second, each thermonuclear micro-explosion
results in the formation of an optically transparent plasma ball
which can be effectively reflected by a strong mapgnetic field.
This magnetic field can be created by a proper arrangement of
superconducting high magnetic field coils.

Furthermore, in comparing such a thermonuclear micro-homb
rocket propulsion system with the conventional thermonuclear systems
based on the magnetic confinement of a plasma, a third important
advantage does emergc. Suppose that each micro-bomb releases

. There is then a relation in between the atomic

an energy €_ .

number density N in the micro-bomb plasma, the inertial con-
finement time T of the micro-explosion and the plasma volume V
given by

out

€ = const. Nztv . (2.1)

The Lawson criterion for a positive energy balance requires further-

more that

Ny > a , (2.2)
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where, for example, a = 10" sec cm-3, (approximately valid for both

the T-D and He3-D reaction). Combining (2.1) and (2.2) results in

€out ™ CONSE. NV . (2.3)

and thus for a required value €out

vent? : . (2.4)

From eq. (2.4) follows that the plasma volume is inversely pro-
portional to the plasma dersity. The plasma volume, however,
strongly influences the size of the system and hence its weight,
which for purpose of propulsion has to be chosen as small as
possible. In order to minimize V, it is therefore desirable to
choose N as large as possible, preferabl§ by choosing the solid
or liquid state for the thermonuclear material, which is the case
realized in.the micro-bomb. From eq. (2.4) follows furthermore, that
:the total mass of the plasma M « NV = const. The micro-bomb system
is therefore the most compa;t system under all systems of equal
plasma mass.

The principle of the propulsion system is drawn in Fig. 1.
A sequence of micro-bombs are injected into the focus of the magnetic
reflector and are ignited by the trigger apparatus. By means of
M. H. D. energy conversion part of the released energy is fed back

into the trigger apparatus to be recharged to trigger the following

T

micro-explosion.

s
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The principal problem of the micro-bomb concept is a fissionless
trigger device. There are at least three known possible means for
the ignition of a thermonuclear micro-explosion:

1) 1Ignition by the impact of a fast moving projectile.(5’6)
2) 1Ignition by an intense relativistic electron beam.(l’z)
3) 1Ignition by a pulsed laser beam.(7)

All three methods have in common the conversion of kinetic
energy into heat by impact upon a thermonuclear target.

The idea of thermonuclear micro-bomb rocket propulsion was
proposed by the author several years ago(s); first, in connection
with the possibility to perform the ignition by projectile impact
and, second, with the prospect of ignition by an intense rela-
tivistic electron beam.(l’z)

Although very elegant in principle, the ignition by projectile
impact is confronted with the yet unsolved problem of accelerating
projectile of the required dimension to the needed velocity of 108
cm/sec required for thermonuclear ignition by an accelerator of
reasonable dimensions. The third method of micro-bomb ignition,
first proposed by Basov and Krokhin, is confronted with the problem
of low laser efficiency. 1In contrast to laser beams, intense rela-
tivistic electron beams of several megajoule enerpy output in 10_8
seconds can be produced with high efficiency. The second method of
micro-bomb ignition on first sipht therefore ‘seems to be the most
promising of all known methods.

Calculations for the T-D thermonuélear reaction indicate a
tripger energy of at least 106 Joule(1,2), An energv of this amount

is difficult to produce by lasers in contrast to relativistic electron

beams.



As the following arguments show, there is, however, a more
important reason why for a hipgh efficiency rocket propulsion system
lasers are even at a much greater disadvantage in comparison to
electron beams. In order to get a propulsion system of high
efficiency the T-D thermonuclear reaction is unsuitahle because
80% of the energy released in that reaction goes into kinetic energy of
neutrons. These energetic neutrons cannot be reflected by the magnetic
field and to a substantial part would be absorbed in the system
structure which would be heated up. The situation is different
for the Hel-D thermonuclear reaction where all the energy 1is
released as kinetic energy of charged fusion products which can
be deflected by a2 magnetic field. The He3-D thermonuclear re-
action, however, has a much higher ignition temperature than
the T-D reaction, resulting in ruch higher energy inputs for

(3,4)

ignition. It was therefore suggested previously , that one

might first trigger a smaller T-D explosion which then sets off

a larger He

~D reaction. In this mode of operation the T-D
would only act as an ignition cap. More detailed studies, how-
ever, revealed that even then a large amount of undesirahle
energetic neutrons are produced by the T-D reaction which apain
would reduce the overall system efficiency. These studies suggest -
strongly that in order to have an efficient rocket propulsion
system the exclusive use of the nea-D reaction is highly desirable.
The higher ignition temperature of the ue3-n reaction has two
important consequences. First, because of the higher ignition

temperature more energy has to be deposited per unit volume of

the He3-D thermonuclear material. Second, the stopping ranges of

it it 2 S
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the charged fusion products denend on the plasma terperature

T as T3/2

, resulting in much larger ranges of the charged fusion
products for the Hea—D thermonuclear reaction as compared to the
T-D reaction. This is very important since the minimum micro-
bomb size and thus plasma volume to be heated up to thermonuclear
temperatures in order to achieve detonation is determined by the
ranges of the fusion products which have to dissipate their
kinetic energy within the reacting volume, a condition necessary
for detonation. This greatly increased plasma volume in combi-
nation with the increased thermonuclear ignition temperature
would raise the ignition energy of a He3-D micro-bomb

beyond a technically feasible value.

The problem resulting from the increased range of the charged
fusion products can be, however, greatly reduced by placing the
He3-D thermonuclear material inside a strong magnetic field. If
this magnetic field 1s strong enough then the micro-bomb size is.
determined by the Larmor-radius of the charged fusion products
rather than by the stopping range. 1In this case the strong
magnetic field confines the charged fusion products within the
thermonuclear reaction zone.

Calculations presented below show that this would require
magnetic fields in excess of 106 gauss. Fields of this strength
can be producad in a pulsed operation employing implosion type
techniques. Such techniques, however, are highly unsuitable fér
a repetitive light weight propulsion system as it is envisioned
here. It is for this reason in conjunction with the requirement

3

to use the He”-D thermonuclear reaction that laser ignition systers

are excluded for micro-bomb rocket propulsion.

R e S - ki
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The situation is, however, quite different for intense rela-
tivistic electron beams. The reason for this is that in contrast
to laser beams, intense relativistic electron beams not only can be
produced with high efficiency and large total energy output, but
also can carry and concentrate a strong self-magnetic field of many
megagauss within the plasma target volume just during the right
moment when the beam deposits its energy into the thermonuclear
material. This strong self-magnetic beam field to be entrapped
within the thermonuclear material will lead to three important
effects: 1) it will quench the stopping range of the charged
fusion products to within the reacting region which is required
for the onset of a thermonuclear detonation, 2) reduce the elec~-
tronic heat conduction losses, and 3) delay the thermal expar.sion
of the thermonuclear plasma by magnetic confinement. The self-
maguetic field of the beam can assume maﬁy megagauss within the
thermonuclear target and the beam therefore forms a very strong,
small "magnetic bottle". As a consequence of this strong self-
magnetic beam field, much smaller energy inputs for igniting a
thermonuclear reaction seeﬁ to be sufficient than previously con-
sidered omitting this effect. This reductioﬁ in the required
trigger energy is, of course, of great importance for a mobile
propulsion system since the system weight is strongly determined
by the size of the trigger apparatus, the wéight of which grows
in proportion with the trigger energy.

Calculations taking the self-magnetic beam field into account
-suggest minimum energy inputs for ignition as low as 104 Joule in

9 3

case of the T-D reaction. In cese of the Fe -D reaction, the
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minimum energies are, of course, larger and of the order 106 Joule

as will be shown below.

TN
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3. General description of the propulsion system in which a chain
of thermonuclear micro-bombs is ignited by an intense relativistic
electron beam

The overall functioning of the proposed propulsion system is
outlined in the flow diagram Fig. 2. The micro-bombs, together
with the propellant hydrogen to be added to the exhaust jet; are
stored in § and injected into the focus of the magnetic mirror
reflector. After being ignited by an electron beam from the
electron beam generator E, the exploding micro-bombs are reflected by
the magnetic field of M and are ejected. Part of the energy of
the micro-bomb’explouion is converted magnetohydrodynamically by
the loop L. The electromagnetic energy drawn from the magneto-
hydrodynamic loop L 1is used to recharge the trigger apparatus for
the subsequent beam shot. The trigger apparatus consists of the
energy storage system and the electron beam generator,

As will.Be seen below, there are two ways to store the energy
in the trigger apparatus. In the first way it is stored capaci~

tively in a system known as a Marx generator. In this case the

- relatively high voltage from the magnetohydrodynamic loop L. can

be used directly to recharge the capacitor bgnk of the Marx generator.
In the second way, which is the inductive analog to the capacitive
Marx generétor, a system of magnetic coils is magnetized by a

strong current. In this case, the pulse coming from the magneto-
hydrodynamic loop has to be first transformed down to a lower

voltage by a pulse transformer PT shown in Fig. 2. The energy is

then stored intermediately in a unipolar machine U (see Fig. 2)

"from where a strong current is drawn to magnetize the

coils of the inductive Marx generator.
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The inductive Marx generator, like any other inductive energy
storage system, has the advantage of a much smaller volume and
hence weight as a capacitive system of the same total energy
storage, a factor of great importance for propulsion because of
its weight-saving property.

For the initial micro-bomb explosion the trigger energy has
to be taken from a small nuclear reactor which may slowly store
the required energy for the first electron beam into the trigger
apparatus. The reactor has to be used also to initially energize
the magnetic field coils of ™ and also to liquify the helium
required to keep the coils of M superconducting. In addition to
the reactor a radiator is required to dispose of the several sources
of waste heat within the system. The largest source of waste heat
is to be expected from the mirror reflector due to the absorption
of Bremsstrahlung and of neutrons from undesired D-D reactions of
the He3-D thermonuclear micro-bomb material. Depending on the
amount of hydrogen added to the exhaust jet, the specific impulse
can reach values of the order 105 sec corresponding to an exhaust
velocity of 108 cm/sec. If smaller exhaust velocities are sufficient
or being desired this can be accomplished by adding hydrogen pro-

pellent to the exhaust jet. The same hydrogen, prior to its in-

- jection into the exhaust jet, can also be used to cool certain

system components which otherwise would have’ to be cooled solely
by the radiator.
The principle of the electron beam generator is shown in

Fig. 3 Its main component consists of a coaxial strip line seen

from the side. The upper and lower plate of the line are circular
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disks with a proper dhlecltric substance in between, for example,
mylar. The center of the two disks have a circular .hole. The hole
of the upper disk is closed by a concave field emission cathode.
The upper disk is connected onto the field emission electrode by a
triggered spark gap switch, After the upper disk is being charged
up to a high negative potential, by either a 'capacitive or in-
ductive high voltage Marx generator, the spark gap switch is closed
and an electron beam is emitted from the field emission electrode.
The beam is propagating down a discharge tube which is filled with
a tenuous plasma, the density of which is properly chosen with an
electron density less than the electron density in the beam. The
reason for letting the electron beam propagate inside a tenuous
plasma is that only in this case can it carry a strong self-magnetic
field (10) + The discharge tube is permeated by an axial magnetic ‘
field, produced by external superconducting field coils. The axial
field helps guiding and stabilizing the beam. The reason for
selecting superconducting field coils to produce the guiding field

is the required field strength of the order 100 kilogauss, which can

be most economically produced in this way. The axial magnetic field

forms at the end of the discharge tube a magnétic mirror into which
the thermonuclear m:l.cro-ﬁovb 1is placed. The purpose of the magnetic
mirror is to concentrate the electron beam onto ;he thermonuclear
material of the micro-bomb. .

In the electrostatic ﬁarx generator a series of capacitors is |
charéed up 1_n parallel to a high voltage and discharged in series
over spark gap switches raising the voltage in proportion to' the

number of capacitors switched in series. Similarily in an inductive



e - SO

15

Marx generator a system of inductances is magnetized in series by
a large current and discharged in parallel raising the resulting
current in proportion to the number of coils,

The principle of the electrostatic capacitive Marx generator
is shown in Fig. 4. A charging voltage V drawn from the magneto-
hydrodynamic loop charges in parallel a bank of N capacitors. After
the voltage across one spark gap reaches a critical value it closes

o sec followed by a rapid closing

within a time of the order 10~
of the remaining spark gaps, the voltages across of which are

raised in proportion to the number of spark gaps already closed.

As a result, the bank of N capacitors is switched from parallel

into series such that their voltages add up to a resultant voltage
NV. This rasultant high voltage pulse is then applied to the
coaxial strip line capacitor of the electron beam generator.

In the inductive Marx generator, eiplained 1nvFig. 5, a
charging current I drawn from the unipolar machine first magnetizes
N coils in series. After the inductive charging by the current I
is completed the switches S are opened rapidly. As a result a surge
voltage will occur at the.spark gap switches closing them and thus
switching the system of coils from series into parallel such that
the currents carried by the N coils will add up to a resultant
current NI, This resultant high current pulse is then transmitted
to the atrip line of the electron beam generator.

The most difficult problem in an inductive energy storage
device 18 the need for the rapid switching-off a large current.

In view of the much higher energy concentration of magnetically

stored energy the feasibilitv of such a switch-off technique will
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also be of great importance to other space oriented applications.
A more detailed discussion of the inductive energy storage system
together with- a possible solution to the switch-off problem is given
in the appendix.

The concentration of the electron heam onto the thermonuclear
target is shown in Fig. 6. The target is placed in the center of
& magnetic Qirror and surrounded by a heavy Z material tamp. The
externally applied magnetic mirror field focusses the electron
beam onto the target. The large azimuthal self-magnetic beam field
penetrates into the initially non-conducting target. Estimated
values of the penetration depth are of the order of a centimeter.
It turns out that the beam dissipation length within the target
is expected to be of the same order of magnitude. After the beam
has penetrated into the target, the target material will be heated
to thermonuclear temperatures. The strong self-magnetic beam field
confines the beam within the target to a very narrow channel
further increasing the magnetic field within the beam. The large
beam field gives rise to the three important effects mentioned
before and which are expected to reduce substantially the trigger
energy for the thermonuclear micro-explosion. The reacting repion
is not spherical, as in schemes based on target bombardment by
laser beams, but rather cylindrical forming a relatively long
cylinder of very small cross section. This optimal shape for the
reacting region is, of course, a consequence of the symmetry
associated with the strong self-magnetic beam field and has no

counterpart in the laser method of thermonuclear micro-bomb ignition.
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If ths high Z material tamp is made of some reasonably good
concucting wmaterial, which is the case for any metallic tamp, the
Foucault currents induced in the tamp by the electron beam within
the target plasma will help to stabilize the high current dis-
charge.

Since the beam is pro_ected into a tenuous plasma, in order to
carry a large self-magnetic field, the tenuous background plasma
may not have & sufficient electron density to carry the electron
return current, going radially from the target towards the re-
flector wall which is the return conductor. In case the tenuous
background-plasma is unable to carry the return current radially
avay from the target, the target would he charged up electro-
ftatically, This, however, can be easily avoided by externally
filling the space within the reflector, but not the space within
the electron besm carrying tube, with a ﬁuff of gas just prior tc
the beam bombardment of the target. In this case the plasma in
the tube cairying the electron beam Qill remain tenuous and the

peam will still be able to carry a large self-magnetic field. 1In

the reflector space, however the plasma density will be sufficiently

high to ensure a strong return current of eleEtrons to flow radially
towards the wall of the reflector.

Finally, we have to make a remark with regard to the system
component of the mapnetic mirror reflector. ‘In order to protect
the superconducting d.c. field coils from a rapidly induced
current resulting from the magnetohydrodynamic interaction with
the expanding fire ball of the thermonuclear micro-explosion, the

coils have to be shielded against these currents by a layer of a
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good metallic conductor, for example copper. The expanding fire
ball, in pusning the masnetic field aside will then induce currents
in this shield only. The magnetic field resultinpg from these
induced currents will compensate the changed magnetic field inside
the reflector space and screen the superconducting coils. The in-
duced current ] in the shield together with the field E of the
superconducting field coils will result in an electromagnetic body
force -:L :'l_ x H driving the spacecraft. The magnetic field acts
furthermore as a cushion bé,' softening the impact of the detonation
- shock wave, wvhich is a desirable side effect of the micro-homb pro-

pulsion system.
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4. The Beam Model

The electron heam is projected into a tenuous hvdrogen plasma
prior to hitting the thermonuclear target forming the micro-bomh.
We therefore consider an intense electron beam propagaring through
a tenuous plasma. We define as n, the electron number density of

(), . (o)

the beam and as n, ngy  “the electron and ion number densities
of the hydrogen plasma into which the beam is projected.

The electric and magnetic field E and H of the beam are then
determined by Maxwell's equation (p electric charge density and j

electric current density in electrostatic c.g.s. units)

div E = 4mp (4.1

551 j=curli . (4.2)
where

p=-e (ng - ni(o)) (4.3)

i=-e (ny- ne(o)ge)

= -e (nyv - n1(°)ye) (4.4)

In eq. (4.4) v is the electron drift velocity and v  the electron

velocity of the induced upstreaming current in the backpround plasma.

It should be ment:loﬁed that the induced upstreaming current will be
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locally separated from the original current due to the charge
separation within the background plasma resulting iﬁ the net charge
density given by eq. (4.3). The averapge over the current density,
however, is unaffected by this local charge separation and so is the
magnetic field to be computed from eq. (4.4). We define a degree of

electric charge neutralization ¢e by
ng - 0y = ng (1 - 4e) 4.5)
and similar of electric current neutralization ¢m by

nev - 0y v = ng (1 - 4y (4.6)
It is here assumed that the beam is only slightly neutralized both
electrically and magnetically by a background plasha. This means

that ¢, > 1 and ¢m > 1. With these definitions we obtain for the
electric unl magnetic fields in cylindrical coordinates at the beam
radius r under the assumption of uniform charge and current dis-
tribution

Ey = - 2nren, Q1 '-°e) 4.7)

v .
H¢ = - 2nreng (1 - ¢m) o (4.8)
Beam equilibrium requires that

E, =< Hy (4.9)
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hence
v)? _ L.
¢ 1-¢m (4.10)

Since the l.h.s. of ea. (4.10) is smaller than one it follows that

0- < ¢e. Eq. (4.10) permits to rewrite eq. (4.8):

Hy = - 27ren, /’(1_¢e)(1_¢m) (4.11)

Equation (4.10) for the beam equilibrium is valid only for vanishing
transverse beam temperature an assumption made for the sake of sim-
plicity.

From the definition of ¢e in eq. (4.5) it follows that

(o)
e = :1_ (4.12)
Ne
and similar from eq. (4.6)
Ve ni(o)
¢lﬂ - T .r.l:.
v
-t (4.13)
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If ﬂi(O)

= ng one has ¢, = ¢, = 1 and both electric and magnetic
field of the beam will vanish. At the other hand if ni(o) << n, it
_ follows that ¢, << 1 and ¢, << 1. Under these conditions the beam
can carry very large selfelectric and selfmagnetic fields approaching

the values
Er = - 27ren (4.14)

He - Zﬂrene (4.15)

0l<

The magnetic field given by eq. (4.15) can be of course also written

in the form

(4.16)

where 1 = - nrzne'ev is the total beam current, and the latter being
valid 1f I 1s expressed in Ampere. If, for example, I = 106 amp and

3 gauss. The electric field

r=1ocm, it follows that H¢ =2 x 10
in volt/cm is obtained by multiplying this number with the factor
300 ¥ resulting in E, = 6 x 10° X volt/em.

The beam radius in the tenuous plasma ié determined by the trans-
verse beam temperature for a specified degree of heam neutralization.

Since the degree of beam neutralization can be varied by properly

thoosing the density of the background plasma, any desired beam radius
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is possit'e. The beam may develop instabilities unless an axial
magnetir field H, is applied along its direction of propagatién
whicn is ¢f the same order as the beam magnetic field (H,~ H o
For beam fields of the order of 2 x 10s gauss the axial field can
be produced by superconducting magnetic field coils. The bean
magnetic and electric field may also help to enhance stability

by induced mirror forces in the wall of the discharge tube.
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S. The He3-D Plasma Parameters

It is assumed that the thermonuclear material is composed of
a stoichiometric mixture of liquid He3 and D,

The atomic number density of liquid D is given by 5 x 1022

3 which 1s 0.09Sg/cm3 one com-

putes for the atomic number density 1.89 x 1022 cm-a. From these

em™3. With the density of liquid He

values one then computes as a stoichiometric mixture the equal

atomic number densities Nl - Nz = N for He3 and D to be Nl - N2 =

22

N = 1.37 x 1022 en3,

3

The total number of ions My in a fully ionized He”-D plasma is

equal to “1 = 2N and the number of electrons Ne is equal to

3

Ne = 3N, since for each He~” ion one must count two electrons. The

total number of particles is N, = 5N. The plasma pressure is thus

given by (k Boltzmann constant, T temperature °K)
P = SNKT (5.1)

The electron plasma frequency is given by (e and m electronic charge

and mass)

wp = (12nNe2/m)5

- 1.14 x 10%® sec”l. (5.3

.



25

The kinetic plasma energy E per unit volume is given by

E = (15/2)NkT = (3/) p ()

3

The density of the liquid He”-D mixture and thus the plasma density

is computed to be p = 0.115 g/cma.

o

R
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6. The penetration of the heam magnetic field into the thermonuclear
target

Prior to the bombardment by the electron beam, the He3

~-D target
is in a liquid or solid state and has a low electrical conductivity.
After the beam hits the target the temperature of the He3-D material
will rise, first by classical collision effects and later, after
reaching the plasma state, in addition by collective effects due to
beam-plasma instabilities. Because of the initial low value of the
target conductivity the selfmagnetic beam field can penetrate into
the target. The actual process of initial target heating is rather
complex. For example, the sudden rise of the strong beam electric
field in front of the beam should result in dielectric breakdown
and streamer development within the cold target material. For the
present study we omit this and other effects and will only make a
rough estimate to support qualitatively our claim that the beam
magnetic field will penetrate sufficiently deep into the target
material.

We will assume that the initial target conductivity o, is of the

1 which is a typical value for an organic semi-

order o, = 10° sec”
conductor. It will be furthermore assumed that the conductivity
remains constant until the target temperature To has reached the value
Ty % 10%°K = 1 ev. For temperatures above T = 10%°K 1t 1s assumed
that the conductivity rises by many orders of magnitude due to the
transformation of the target into a plasma. .The penetration depth

for the magnetic field of the electron beam can then be estimated by

the skin depth § for the initial value of the conductivity and for

the time Tp required to heat the target above the temperature
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T. ®*1ev
§=¢ (tnlbnoo)k : (6.1)

The time L in eq. (6.1) is then the diffusion time for the magnetic.
field. The ignition of the thermonuclear target is achieved at a
temperature of T, = 107°K = 100keV = IOSTO. The required pulse
length of the electron beam is of the order 10ns = lo'ssec. Under
the assumption that the target is heated uniformly in time to the
final temperature T = = 100keV the fraction of the time for the
beam to heat the target to T = T = lev is thus 1075 x 1078 = 10713
sec. It is this time in which the beam has to penetrate into the
target and which has to be put in eq. (6.1) equal to T resulting
in § = 0.1lcm. The actual penetration depth is likely to be larger
since the heating of the target is non-uriiform in time. The reason
for this is that prior to the target ionization the heating is caused
by single particle interactions which are much less efficient than
the collective interactions becoming operational after the target
has been transformed into a plasma. It therefore seems more likely
that the time for preheating up to T, = lev will be 100 times larger

that is 10710

sec, If this #s the case the penetration depth will be
10 times larger. It therefore seems not unreasonable to assume that
the beam magnetic field can penetrate into the target material by the
order 5f a cm, After the magnetic field has'penetrated into the
target and the target has been transformed into a plasma, the magnetic

field will be henceforth frozen into the plasma. This fact is of

great importance as we will see below.
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Similarily, the beam electric field will penetrate into the
target as loiuy as the target conductivity is low, bu£ after the
target has been transformed into a plasma this electric field inside
the plasma will decay within a time of wp-lay 10716 gec. In con-

trast to the magnetic field, the electric field will not be frozen

into the target after the target has been transformed into a plasma.
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7. The interaction of the electron beam with the plasma target

After the target has been transformed into a plasma, single
collisional interactions of the beam electrons with the target
electrons or ions become less significant with increasing plasma
temperature. As a result of this, it would be difficult to heat
the target to thermonuclear temperatures on the basis of colli-
sional beam dissipation alone. However, for intense electron beams
interacting with a plasma target, the beam energy can be dissipated
rapidly by collective beam plasma interactions primarily due to the
electrostatic two-stream instabilitcy.

The growth rate for this collective interaction in the

linearized beam plasma interaction theory and if collisions are

neglected is given by(ll)

¢=0.55 (“2/“1)1/3”b ¢ 5 (7.1)
vhere

Y E (1-32)"5 | ’

and vhere n, and n, are the electron nurher densities in the target

and the beam. The stoppinp range of an electron bear: in the linearized

approximation is then piven by

Ap = (v/o)in (F /E.)

= (c/o) tn (F,/F,) . (7.2)



[ ] [ = ]
e ']

= p g

L

g Omd OGund Pumd P B

30
The approximation in which v is replaced by ¢ is valid for electron
energies above 100 keV. In eq. (7.2) E, is the initial electron
energy the Eth the thermal electron energy at a given target tem-
perature. Expressing the electron number density in the beam by

the electric current densiry j one has
np = 2,1 x 108 3 . (7.3)

where j 1s expressed in A/cmz. For a beam current I [A) and a beam

radius r, {cm] one has j = I/nro2 hence

ny = 6.7 x 1071/r 2 : (7.4)
and thus from eq. (7.2)

ap = 0.9 1o2/3 (v 10g (B /) (7.5)

1f, for example, rg = 107! cm, I = 10 Ampere, E, = 1 MeV, E, = 100 keV
one then has \p 2 x 10-3 em., From eq. (7.5) it follows that the stop-
ping range decreases with increasing beam current, a fortunate be-
havior since large beam currents are required for our purpose anyway.
The actual stopping length is larger due to a slowing down of the
wave-growth by nonlinear effects. .

Computer experiments(lz)

taking the nonlinear growth rate of
the two-stream instability into account indicate that the actual
growth rate can be 103 times smaller than the ones computed from

eq. (7.1) and hence the stopping distances larger by a factor 103,
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Although the special assumptions under which these results were
obtained do not apply to our case, it should be ltaécd that other
authors in unpublished communications and under different as-
sumptions (J. M. Dawson, A. T. Lin and J. E. Rowe) have arrived
at similar conclusions.

In the absence of any other data, we will therefore assume
that the results of these computer experiments also apply to our
situation and henceforth take as the beam stopping length a value
which 1s 10° times larger than the one computed from eq. (7.5)

with the result
ap = 103 2,23 (/03 10p (B ey (7.6)

For the given numerical example above this wouuld result in AD =1 cm.,

It
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8. The ignition of thermonuclear reactions by the magnetically
focussed electron beam within the target plasma -

In order to ignite a small thermonuclear explosion the kinetic
energy of the charged fusion products has to be dissipated within
the reacting volume. If the stopping range of the fusion products
is A then the probability P for the fusion products to be stopped

within a volume V is given by

'|I1 = IzI/A
1 e
nn 4vlr - ol

If the volume is cylindrical in shape with a radius r,» as it is
the case for an electron beam heating up to a thermonuclear tem-
peratures a plasma cylinder of radius T and 1f

x £ r /A oné obtains from eq. (8.1)

P(x)=1-2x I Il(x)l(l(x)dx/x2 : (8.2)
' x
In eq. (8.2) I, and K, are modified Bessel functions .-
ventionally defined. A useful approximation-to eq. (8.2) is given

by

P (x) =1 - 2283 (25652 _ 1/2 4+ (1/2 + 1.6x) e73°2¥) . (8.3)

3

Al
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P(x) approaches 1 for x = 1, resp. r, * A\, implying that the
ignition of a small thermonuclear explosion will teﬁuire that
Yo sy A. There are two charged fusion products of the He3-D
thermonuclear reaction, an a particle and a proton with kinetic
energies of '
o - particle: €; = 3.66 MeV = 5.86 x 1076 erg
proton: €2 = 14.65 MeV = 2,34 x 1073 erg
with velocities of
. '
o - particle: V} = 1.3 x 10? cm/sec,
proton: Vy = 5.1 x 10° cm/sec.
with these values one can compute the stopping ranges 1A; and Ay
of the charged fusion products in a plasma of temperature T (see
for example reference 13). The result of these calculations is
(T in keV):
a - particle
Ay = 3.96 x10721%/2 - (8.4)

proton:

Ay = 1.53 x 10" 113/2 (8.5)
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1f for example T = 100 keV one has xl = 28 cm and Ay = 153 cm,
For T = 30 keV one would have instead M= 5.4 cmy, 2y = 29 cm.

3--D reaction is above

Since the ignition temperature for the He
30 keV, the ranges of the charged fusion products are thus at least
several cm. In order to ignite a thermonuclear detonation the
radius r of the plasma sphere to be heated up to the ignition
temperature T must be of the order of the fusion product range.

In this case the probability P(x) is close to one and the kinetic
energy of the fusion products is dissipated within the reacting
plasma sphere. Assuming ra A and A = 3 em, furthermore T = 100 keV
one thus would obtain for the required minimum energy input required
for ignition, Eg, = (15/2)NkT(4n/3)r3 = 2 x 1018 erg = 2 x 101!
Joule ~ 40 tons TNT. This value for the minimum energy input is so
large that for practical reasons it can neither be produced by a
laser or electron beam.

The energy input for ignition, however, can be substantially
suppressed by applying a strong magnetic field to the thermonuclear
target material. The strength of the magnetic field is determined
from the condition r w rj where rj is the Larmor-radius of the charged
fusion product. If this condition is satisfied the fusion products
will dissipate their energy within a distance == T, from their origin
rather than within the distance of the stopping length in the ahsence

of a magnetic field. One computes for the Larmor-radius of the

fusion products the following values
o -~ particle: rL(l) = 2,78 x 105/H (8.6)

proton: r,?) = 5.56 x 10%/H (8.7)
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In (8.6) and (8.7) r; 1s given in cm and the magnetic field H in
gauss. For a thermonuclear targetsize r < 0.1 cm 1; thus follows
that magnetic fields are required in excess of 5 x 106 gauss. The
energy required for ignition would be then reduced to a value of

14 erg = 107 Joule.

Ejp = 10
In the electron beam method of bombarding a thermonuclear
target, the required strong magnetic fields have not to be produced

separately but are readily available due to the strong electric
currents of these beams and are expected to reach values far in
excess of the value given above, thus reducing the minimum energy
input substantially below the amount which was estimated for a field
of 5 x 106 gauss. In the laser method, however, the magnetic field
has to be produced independently by some external means such as
imploding foils. Although magnetic fields of several megagauss can
be produced this way, the method seems highly unpractical for a
rapidly pulsating energy-producing system. Furthermore, since the
attainable magnetic fields are here limited to a few megagauss, the
required laser energies of 107 Joule are far beyond present day
technology.

To incorporate the concept of a magnetically reduced fusion-
product-range into the expression for the probability P(x) given
above one can make the reasonably good approximation

A= er . . ’ (8'8)

‘since the dissipation in the presence of a strong magnetic field

takes place over a length which in fact 1s equal to twice the value

of the Larmor-radius.

e
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After the beam and its strong self-magnetic field have penetrated
the target and raised it to thermonuclear temperatufes, it shall be
assumed that the pressure of the self-magnetic beam field is balanced
by the thermodynamic plasma pressure. This particular assumption
seems somewhat ambiguous. We justify it on the ground that it is
energetically favored. The situation i1s then similar as for the
ordinary pinch discharge with the important distinction that here
the current is drawn from an externally appljed beam of electrons
and that furthermore the boundary of the discharge is not a vacuum
but a mantle of cooler plasma. At the beam radius it is thus

assumed that the usual pinch condition

87 = P = SNKT (8.9)

holds. If the beam heats the He3-D target up to thermonuclear tem-

9oK‘

peratures, T is of the order of 10 Expressing T in units of keV

2

and putting N = 1.37 x 102 cm-3 one obtains from eq. (8.9)

H=1.66 x 10712

(gauss) . (8.10)
For T = 100 keV one would obtain H = 1.6 x 108 gauss. As already
pointed out, this strong self-magnetic field of the beam will serve
three important purposes: First, it will quénch the range of the
charged fusion products within the reacting volume thus facilitating
the ignition of a small thermonuclear reaction; second, it will

reduce the heat conduction losses radially; and third, it will reduce

the radial expansion losses by magnetic confinement. Tt is, however,
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not known how much it will affect the stability of the plasma
column. But since the discharge columm is surrounded by a dense
plasma, which enhances the stability of the discharge column, it
is hoped that the cheracteristic times for instability are at least
as long and in the order of magnitude as the discharge times so
that the beam plasma instabilities will be relatively unimporiant.

By combining eq. (8.10) .with the expression for the magnetic
field at the beam radius r,, H = 0.2 I/ro, one obtains an expression
for the beam radius within the thermonuclear material

2 em) . (8.11)

r, = 1.2 x 1078 /T
Assuming, for example, that T = 100 keV, I = 106 Amp one obtains
r,= 1.2 x 1072 cm.
The energy production of the He3-D thermonuclear reaction can

be expressed as follows (T in keV)
eg = 4:33 x 10712327 7%/3 exp(-32.6r'1/3)~e[erg/cm3sec] (8.12)

where ¢ = € + €9 is the total energy delivered by the two fusion
products each of which delivers the energy €) resp. €.

If the probability for these two fusion products, i.e. the o
particle and the proton, to dissipate their kinetic energy within

a cylinder of radius Ty be Pl and P2, one then has clearly
P1 = P (xl)‘ 5 (8.13)

P, = P (xp) \ (8.14)

B
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where

X = rolxl . (8.15)
and

X, = ro/A2 . . (8.16)
Defining x = x; and x, = ax; = ax, where a = AI/AZ, one has

P; = P(x) ’ (8.17)
and

Py = P (ax) : (8.18)

Furthermore, since the fusion product ranges are determined by the

magnetic field one has
A = 25,1 = 5056 x 107w : (8.19)
hence

6

x =1/} = 1.8 x 10~ Hr ; (8.20)

and
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a =1 /Ay = 0.5 : (8.21)

Since the magnetic deflection of the charged particle is determined
by the maximum magnetic field within the discharge channel we can
with good approximation insert into eq. (8.20) the maximum value of

H given by eq. (8.10) resulting in
x = 3.0 x 10! rOTI’Z . (8.22)

The thermonuclear energy being dissipated within the beam volume per

unit beam length in the discharge channel is then given by
E, = £ (eyPy + €,P,)mr 2 (8.23)
£ ¢ 1T 2727 e : ’

or by introducing eq. (8.12), (8.17), (8.18) and the values for €y

and €, results in

17,2 -2/3 x
Bg = 2.56 x 107 2172/3 oyp c32.6172/3)

(P(x) +4.0P (0.5x)) nroz [erg/cm sec]) : (8.24)

The energy losses result from Bremsstrahlung and heat conduc-

14
tion. The Bremsstrahlungs-losses can be calculated( ) by using
the plasma parameters for the He3-D plasma given above. The

Bremsstrahlungs-losses per unit beam length are then given by

E, = 8.02 x 10 2821/ 25r 2 [erg/em sec] . (8.25)
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The heat conduction losses from a cylindrical discharge column in
the presence of a strong perpendicular magnetic field have been

calculated for a hydrogen-plasma(ls). A corresponding calculation

3-D plasma hes not been published in the literature. In

for a He
the absence of such a calculation and also since the heat conduction
losses in the presence of a strong magnetic field are not the pre-
dominant loss mechanism we will assume that the same expression for
these losses as in the case of a hydrogen-plasma also holds for a

Hea-D plasma, at least approximately. These losses per unit beam

length are then given by
9 1.4
E.=2x10 (p/RH) [erg/cm sec] s (8.26)

In eq. (8.26) p = SNKT is the plasma pressure. With the help of

eq. (8.9) one has

. 1/2
%- (”;‘;T> , (8.27)

or for N = 1,37 x 1022 cm-3 and T given in keV

%- 2.08 x 10611/2' s (8.28)

-~

and hence

E, = 1.9 x 1018 0.0 [erg/cm se;] . (6.29)
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The ignition condition for a small thermonuclear explosion is

now obtained by the energy balance of the energy g;1n supplied by
the fusion products to the discharge channel against the losses by

Bremsstrahlung and heat conduction. One thus has
gf - E +E, F (8.30)

or after inserting from eq. (8.24), (8.25) and (8.29) there results

-2/3

12/3 oxp (-32.6r‘1/3)(P(x) + 4.0 P (O.Sx»

-10T0.7r -2

- 3.16 x 10751172 4 1.27 x 10 A

L (80 31)
For sufficiently large values of r, eq. (8.31) has two roots

T=s T (ro), the lower of which defines the ignition temperature.

When ro + othen also x > @ and P - 1. In this case eq. (8.31)

assumes the simplified form

-7/6 . -1/3
1.58 x 1057 i exp (-32.6T ) =1 . (8.32)

Eq. (8.32) results from the energy balance of all the energy supplied
by the fusion products against the losses by Bremsstrahlung. Eq.
(8.32) 1s therefore obtained by equating (8.24) with (8.25). This
als> shows that eq. (8.32) is valid for all densities N. Eq. (8.32)
has a lower root at T = T (») = 32,6 keV, valid for an infinitely
extended thermonuclear plasma. The ignition temperatures for a

finite plasma radius obtained from eq. (8.31) are necessarily larger.

N o
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The input energy per unit beam lengtn required for ignition is given
by

E, (ro) = (15/2) NkTﬂtoz

- 5.17 x 10147 2

T . (8.33)
The computed value of the ignition temperature then also determines
the value of the magnetic field given by eq. (8.10) and the required

beam current
I= SHr

/2, . (8.34)

- 8
0.835 x 10T 5

Computed values for the energy input per unit beam length together
with the corresponding ignition temperature have been plotted in
Fig. 7a.

The energy for ignition has to be supplied to the target material

in a time which is shorter than the radiation loss time given by
_ -8.1/2
tg = 1.1 x 10T [sec] (8.35)
For T = 100 keV, TR * 10'.'7 sec. Since the computed ignition tem-

peratures are of the same order it follows that the ignition energy

"has to be supplied in a time less than 100 nsec.
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The remarkable result displayed in Fig. 7a are the rather
small energy input values required for the ingfition of the Hea-D
thermonuclear micro-explosion, which would be impossible without
the effect of the large beam magnetic field. Since the laser method
of target ignition has to work without a self-magnetic beam field
the advantage of the electron beam method over the laser method
has thus been proved to be very distinct.

It has to be emphasized that the fusion reaction will proceea
into a thermonuclear deflagration only as long as the electron
beam is switched on, requiring thus in general more energy than
the value given by eq. (8.33). A simple estimate for the increased
amount of input energy required for such a thermonuclear defla-
gration to develop can be otbained easily. From Fig. 7a, it can
be seen that the energy input will assume a minimum at a beam radius
of r, S5 x 10“3 cm. The stopping length A, of the beam was esti-
mated above to be of the order one cm. It thus follows an initial
energy input for ignition of Eign = EOAD = 1,7 x 1012 erg =
1.7 x 105 Joule. We will demand that the deflagration sets free an
energy which is 106 times larger i.e. 1.7 x 1016 erg which has the
equivalent of the explosive power of ~~ 0.3 ton of TNT. This means
that the thermonuclear deflagration propagating radially has to
reach a radius 100 times larger than the initial radius of r, -
5 x 10-3 cm, that is it has to reach the radius r; = 0.5 cm. 1In
this case the reacting volume has increased 104 fold and so has the
energy output. The ratio of the Larmor-radius of the fusion

products to the radius of the reacting cylinder r is a constant

since r 1/H and H « I/r. The quenching of the fusion products
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to the reacting region is only affected by the ratio r/rL « I and
thus independent of r itself. The probabilities P(x) will be therefore
constant during the radial development of the deflagration as long
as the electron beam current is being kept constant.
The time for the deflagration to propagate to the radius

e 1021'° can be estimated by the Lawson criterion, which for the

3

He“-D reaction and under the assumption of T = 130 keV (at the

mninimum of Eo in Fig. 7a and N as defined above) 1is given by
-3

Nr, > 1.9 x 101“ sec cm . (8.36)

For N= 1,37 x 1022 cm™3 one has r, - 1.4 x 1078 sec. The time to

increase the energy by a factcr 104 is then given by t = (6/10g2)rL
= 13.41; = 1.85 x 107 sec. The beam would thus have to be sustained
for about 200 nsec.

From Fig. 7a follows that the energy input assumes a minimum at a
radius for which the ignition temperature is T = 130 keV. The re-
quired magnetic field corresponding to this temperature is ohtained
from eq. (8.10) with the result H = 1.9 x 108 gauss. The beam

current is then given by eq. (8.34) and 1s I = 4.75 x 106 amp. The

3 cm which is

beam radius according to eq. (8.11) is r, = 5 x 10”
consistent with the value af which Eo is a minimum. Let us assume
that the ignition energy is deposited by the.beam in the time

Typ = 30 N8 < tp. With Ejoq = 1.7 x 10> joule, I the beam current

in Ampere and V beam voltage in Volt, we have

Eign = IVT4p (8.37)

T ..
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From eq. (8.37) one obtains for the required beam voltage V =

6

1.2 x 10~ wvolt.

To support the thermonuclear deflagration would require that

7 sec, which would

the electron beam is sustained for about 2 x 10
require an energy of @ 106 joule.

We would like to discuss briefly how our results are changed if
for the thermonuclear material a gas target is used instead of a
solid or 1iquid. The gas target has a number of advantages over a
solid target. One such advantage is that the gas could be injected
into the target area by opening a valve letting the gas flow into
the reaction chamber prior to the bombardment by the electron beam.
This mode of operation may be more expedient since it would not re-
quire a large storage of solid targets. It was suggested to the
author by Dr. von Braun that an even more expedien' way may be the
rapid pulsed injection of the thermonuclear material as liquid jet
into the reaction chamber. In such a case the jet would evaporate
into a dense gas target prior to reaching the center of the reaction
chamber. A second advantage of going to a gas target is in the in-
crease of the radiacion loss time which is proportional to N-llz,
implying that an electron beam of less power and longer
pulse length can be used. If, for example, the target density is
reduced by a factor 100 this would mean that the pulse length could

be increéased from 3 x 10 C sec to 3 x 10”7 sec.

If the atomic number density in the gas target is n we put

N = abh,, asl (8.38)
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where N, = 137 x lﬂlncm-3 is the number density at liquid resp. solid

target densities. With this definition eq. (8.31) has to be modified

as follows

T—2/3 1/3

exp (-32.6T

= 3.16 x 10-671/2

where

x = 3.0 x 10%e, a1/27%/?

14 2

Eo = 5.17 x 10°* a r T

1/2
He= 1.66 x 107 allzT

10781 /al/241/2

la]
n
[
-
N
x

-8 -1

tg = 1.1 x 1078 g71q1/2

A\p 1031'02/3 (Y/I)ll3 log (Ey/Ep )a

+1.27 x 1071070:7

-1/3 ]

) (P(x) + 4.0 P (0.5x))

-1n3
r

o

-2

(8.39)

(8.40)

(8.41)

(8.42)

(8.43)

(8.44)

(8.45)

(8.46)

Fig. 7b and 7c display computed values of E, and T for a = 0.1 and

a=0,01.
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Let us discuss how our results are affected by going to a =
0.01. First, the minimum energy input there is at E S 0.09 cm
with E, = 5.2 x 1012 erg/cm and T = 125 keV. From eq. (8.42) then
follows H = 1.86 x 10’ gauss and furthermore from eq. (8.34)
I=8.4 x 106 Ampere. From eq. (8.43) follows T, = 0.09 cm which
again is consistent with the value I, for the minimum energy input.
The Lavson time 1s 1, = 1.4 x 1076 sec and the radiation loss time
TR * 10"5 sec. The beam stopping length is increased by the factor

0-1/3 * 4.6. The energy input for ignition would be thus E:lgn =

Eghp = 2.4 x 1013 erg = 2.4 x 10° joule. With v, = 1076 sec
<t it follows that V ¢y 300 kvolt.

A system with a gas target given by a = 0.01 resembles
more the conditions which are prevalent in the plasma focus. The

initiation of a thermonuclear deflagration is here probably more

difficult to achieve and we will omit a discussion of it.
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9. The interaction of the expanding fire ball with the super-
conducting magnetic reflector

From the requirement that the expanding fire ball be reflected

by the magnetic field, a condition for the dimension of the magnetic

mirror for a given magnetic field strength can be derived. If the reflector

has a hemispherical shape, roughly half of the energy of the ex-
ploding fire ball will have to be absorbed by the magnetic field.
In this way, the exploding fire ball produces a cavity in the
magnetic field of the hemisphere corresponding to a magnetic energy
of

2n .3 ﬂi

LA

Eq 3 8n ’

(9.1)
where R is the radius of the hemisphere. This magnetic energy has

to be equated to the explosion energy of the micro-bomb in order to
reflect the fire ball. If this energy is given by EB one has from
eq. (9.1)

/3 2/3

R = (12Ep)! : (9.2)

Let us assume that Ep = 101§ erg * 100 kg INT, H = 105 gauss (which
is attainable with supercénductors), one thus would have R = 230 cm,
representing a very reasonable dimension.

The formation of the magnetic cavity is accompanied by inducea
+ddy currents in the external field coils. Since high field super-
conductors do not operate at rapidly varying magnetic fields, they

have to be protected by a shield of an ordinary conductor placed on
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the inner side of the concave magnetic mirror reflector. The skin
depth § in this conductor is given by

6§ = c(t/bwo)llz n (9.3)

where t 18 the time during which the plasma ball expands to the
radius R and o is the electrical conductivity of the shielding
material. Since v = R/v° where v is the expansion velocity of the
fire ball, we have

§ = c(R/4mov)}/? . (9.4)

If one puts, for example, R = 200 em, 0 = 1018 secm1

, V = 107cm/sec
one then obtains & = 4 x 10”2 cm, which is very smaull. Thus an
effective shielding could be obtained even with materials of
relatively low electrical conductivity, such as steel or graphite.
The currents induced in the shield will interact with the
magnetic field to produce an electromagnetic body force (1/c)1f5
(l_being the current density), vhich serves to propel the spacecraft,
which is rigidly connected to the mirror. Ekcept for regions near

the mirror-point, there will be no ablation resulting from direct

contact with the fire ball.
From Ampere's law it follows that the total current in the

fleld coils is of the order of I = HR = 10’ Amp. The maximum

current density in superconductors of the second kind is

3

the surface area through which the current can flow is of the order

T 10& A/cmz. If the coils extend radially by the amount AR,
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RAR, hence

max RAR « I = HR

Therefore we have

&R = H/Jmax
= 10 cm

The mass of the reflector is of the order M = anmRZAR, with
Pn = Iogm/cm3 the overall density of the reflector material. For
R = 200 cm, o;e has M = 107 gm = 10 tons.

Finally, the shape of the magnetic mirror must be optimized.
If the magnetic mirror is shaped more like the pusher plate in
the Orion propulsion concept, i.e., less concave than is indicated,
for example, in Fig. 3, the heating of the mirror will be reduced
at the expense of rocket efficiency. This results from the in-
creased transverse component of the jet velocity. Here again, this
important trade-off effect has to be studied with regard to its

optimal conditiomns.

PO
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11. The recharging of the trigger apparatus by magnetohydro-
dynamic energy conversion drawn from the expanding.fire ball.

The magnetic coupling with external conductors can be used
to draw energy from the thermonuclear explosion by magneto-
hydrodynamic power conversion, for recharging the trigger
apparatus. For this we consider a coaxial conducting loop with
an axial thickness D placed a distance P from the axis of rotation
of the mirror. (See Fig. 3.) The induced voltage in a single

loop will be (electrostatic units)

= mpHvg/c , (11.1)

vhere T = p/v is the characteristic time for the change of the
magnetic field. Assuming 7™ = 100 cm, H = 10° gauss, v/c =

3 x 10'4, one has V = 3 x 103 esu = 106

volts. In order to
estimate the required thickness D, we request that an energy equal’
to E, = 108 joules be drawn'from the explosion required to trigger
the next micro-explosion. The magnetic energy is a disk with radius

I
P and thickness D is given by J

2 :
L .2  H :

= 02pr?/8 : . (11.2)

v

B
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Putting Ey = E,, we have
D = 8E,/p2H? . : (11.3)

For E° = 1013 ergs, p * 30 cm, H = 105 gauss, we have D = 1 cm.

The high voltage pulse is accompanied by a high current. The
following condition must hold in between the energy of the pulse

Eo (Joule) the voltage V, the current I and the pulse time

T =p/v: Eg = IVp/v. With the above given values (E, = 10% Joule,

6 volt, p = 30 cmv = 107cm/sec) one has I = 3 x 107 amp.

V=10
In case of a capacitive energy storage the voltage is high enough to
directly charge the capacitor bank. In case of the inductive
energy storage the energy from the high voltage pulse is first
stored onto a unipolar machine. Because of the high voltage of
106 volt drawn from the magnetohydrodynamic loop, a pulse trans-
former reducing the voltage has to be put in between the M.H.D.
loop and the unipolar machine as shown in Fig. 2.

The unipolar machine is essentially an electromagnetic fly-
wheel and the energy stored in it is equual to the mechanical
-totational energy of the rotor. If Vmax is the maximum radial

velocity of the flywheel and M its mass, then the stored energy

is given by

M 2

4

Assume Vibix ™ 10" cm/sec and Eg = Eo = 106 Joule = 1013 erg one

ax

has M = 0.4 tons. In the unipolar machine a strong axial magnetic

field is applied to
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the rotor resulting in a radial electric field Er = (v/c) H.
Putting v =wr , where w is the angular velocity of the rotor, one

obtains for the voltage V (in electrostatic cgs units),

R R .
V= I Erdr = Ho r rdr
o ¢ Jo
Hv R
- 1 __max (11.5)
2 ¢

Assume a roter with a specific gravity of 3 gm/cm3 and a diameter
equal to its length, it then follows that R = 28 cm. Assume further-
more that H = 105 gauss one then has V = 140 volt.

In order to provide the trigger energy for the first micro-
bomb explosion a small nuclear reactor of 100kW power would be
sufficient, which could charge the trigger apparatus in about 10
seconds. A reactor employing thermionic energy conversion would
be especially suitable for this purpose. Since thermionic energy
conversion produces a low d.c. voltage, an alternator and trans-
former would be needed in the capacitive energy storage system.

" In the inductive storage system the d.c., current drawn from the
thermionic converter could be directly fed into the unipolar
machine. The small reactor power plant can be also used to
provide the energy to initially magnetize the superconducting

coils and to operate the refrigerator for the liquid helium cryostat.
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12. The mass of the trigger apparatus

If a capacitor bank 18 used for the trigger apparatus it
will constitute the largest single mass component of the propulsion
system. Ordinary capacitor banks have an energy storage capacity
of 10-2 joule/cma. For the required energy storage of 106 joules,
this would require a capacitor volume of 109 cm3. For an assumed
density of 2 gm/cm3 for the overall czap:- _tor bank material, this
would amount to a total weight of 200 tons.

An energy density of 10-2 joule/cm3 corresponds to an electric
field of E= 5 X 105 volts/cm, assuming a dielectric material with
€ = 1. The conventional capacitor design uses certain oil papers
for which € = 1, For conventional, ground based capacitor banks,
weight considerations are of minor importance. This, however, is
not true for space flight requirements which make a light weight
capacitor bank highly important. Fortuﬁately, there are materials
with large dielectric constants available, i.e., the ferroelectrics.
The most Autstanding representative of this group of materials is
Bariumtitanate (BaTiOj), with a dielectric constant €) = €2 = 5 X 103
| along two crystal axes. The dielectric constant along the third
axis in only €3 = 160, so a single crysfal lgyér would be required
for capacitor design. A further, more serious problem is the re-,
duction in the maximum attainable breakdown voltage of 10‘ volt/cm
and hence the reduction in the attainable energy density, cE2/8n =
0.021/cm3. This is about the same as for conventional capacitors.
It seems likely that the lower breakdown voltage results from

inhomogeneities in the Bariumtitanate single crystals, combined

with the small value for the dielectric constant along the third
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principal crystal axis. It seems possible that this‘problem can
eventually be overcome by technological progress in controlling the
growth of single Bariumtitanate crystals. In such a case the
attainable energy density could be increased by a factor of 5 x 103
and the weight of the capacitor bank reduced by the same amount,
down to one ton. A much less ambitious goal would still be very
satisfactory. Conjecturing that the breakdown voltage problem will
be less severe for an isctropic dielectric tensor, the use of the
following four substances, available as ceramics, seems to be highly
interesﬁing:

1) Cadmium niobate (Cdsz207), € ~ 310

2) Lead metanobiate (Pb(Nb03)2), € ~ 280

3) Lead metatantalate (Pb(TaO3)2), € ~ 1200
4) Manganese metatantalate (MnTaO3), € ~ 750

Let us assume a value of ¢ = 500 with a breakdown voltage of E = 105

volts/cm; one then obtains for the energy density ef%Sn = 0,2 joule/cma,

which is in improvement by a factor 20 over the conventional value of

10-2 joule/cm3. The weight of the capacitor bank would be reduced
by this factor from 200 tons down to 10 tons.

If instead of a capacitive, an inductive Marx generator is

employed, a much more compact energy storage system can be built. If

the electric and magnetic field are both measured in electrostatic

units then fhe electric and magnetic energy densities are given by

E2/8n, resp. H2/8ﬂ, where E and H are the electric and magnetic field

strengths in electrostatic c.g.s. units. If, for example, the magnetic

energy is stored in a field of H = 2 x 104 gauss then to achieve the

same energy density with an electric field would reouire E = z x 106
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volt/cm, a very large electric field, not yet attainable in capacitors.
The energy density for the value of H = 2 X 10“ gauss is H2/8" =
1.6 % 107 erg/cm3 - 1,7 joule/cm3. If the energy is stored in magnetic
coiis the coil mass to store the energy can be made rather small since
the center of each solenoid is hollow. An average mass density per

3

coiZl volume of 0.5 g/cm” seems to be thus quite reasonable. To store

10% :vule with an energy density of 1.7 joule/cm3 would require a

3 2 0.6 m3, which with the assumed density 0.5

volum= nf 6 X 10% em
g/cmj would then result in a mass of 0.3 tons. The actual weight will
be larger because the inductive energy storage system needs the
additiorial components of the pulse transformer and unipolar machine.
The wzight of the unipolar machine was estimated to be of the order
0.4 tons. The weight of the pulse transformer may be of the order
one ter such that the total weight would not exceed the amount of

2 toni wuut which 1s still better by a factor 5 than the best which

can be expected from ferroelectric capacitors.
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13. Fuel propell&nt optimization and system weight analysis

For electric propulsion systems it has been shown by Stuhlinger(16)

that there exists an optiman exhaust velocity which depends on the
specific power of the energy production system and on the mission,
the latter defined in terms of a certain terminal velocity and the
propulsion time. For the optimal exhaust velocity, the mass ratio
My/My of the initial to the final (load) vehicle mass will be a
minimum.

In the case of a micro-bomb rocket propulsion system, it is not
so important to minimize the mass ratio Mo/ML as it is to minimize
the amount of consumed thermonuclear fuel, a condition diétated by
its high cost. The question to be answered is, therefore, the
following: which fuel-propellant ratio to be ejected in the exhaust
will minimize the total amount of required fuel mass per payload mass.
This minimum Qill require a higher mass ratio than the minimum pos-
sible mass rgtio. This, however, is of minor importance because
of the high fuel cost.

In order to derive the condition for optimization, we start from

the basic rocket equation
exp(u/v) = Mo /My
- (Mf+l\&‘+ML) /ML . . (13.1)
where u is the terminal rocket vehicle velocity, v the exhaust

velocity, Nf. Mh and NL the masses of the fuel, *he propellant, and

the load. The load consists of 1) the ignition system mann Mry
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which includes the trigger apparntui. the magnetic mirror, and the

power reactor with the radiator: and 2) the payload ﬁall Mpy» hence

ML = My + MpL . (13.2)

At a temperature T, the thermonuclear plasma will have a
characteristic exhaust velocity v, determined by v, = (3k‘1‘/M)1/2

(k is Boltzmann's constant, M is the average ion mass of thermonuclear

plamsa). For thermonuclear temperatures one has v° ® 10" cm/sec.

If the thermonuclear plasma is mixed with a propellant, as for example
hydrogen, the resulting exhaust velocity v is determined by con-

servation of energy;

ve @f/(nf%))l/zvo A (13.3)
and hence

M /M = v/ -1 : . (13.4)
Substituting (13.4) into (13.1) leads to

o) = 1+ (v (M) (13.5)
from which one obtains

Me/Mp = (vivg)? (exp(u/v) - 1). : (13.6)
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JEq. (13.6) gives the ratio of the fuel to load mass as a function
of the exhaust velocity for a given terminal velociéy u., The
characteristic velocity v, is to be considered a fixed parameter.
Putting

u/ve=x

Me/My = (u/v )2y . (13.7)
one obtains from (13.6)

y = x 2 (exp(x) - 1) . (13.8)
The minimum of this equation is determined by the solution of

exp(-x) = 1 - x/2 o (13.9)

with x 1.6 and y = 1.56. We therefore have under optimal conditions

Mc/M = 1.56 (u/v)? ; (13.10)
Furthermore, because of (13.4),

M, /Mg = 2.55 (v /u)? - 1 \ (13.11)
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and, because of (13.1) and (13.9),
M o=el by =s.0m : (13.12)
and
M, + Hh = 4.0 M. _ . (13.3.3)

The optimal exhaust velocity, according to (13.7) and (13.9), is given
by
veu/l.6 = 0.62u . (13.14)

Another important quantity, the ratio of thrust to initial weight,
can be obtained from these results under optimal conditions. This

ratio obeys the relation
F/M,g = 2 P/vM g y (13.15)

where F is the thrust, g is the acceleration due to gravity at sea
level, P is the power of the rocket engine in ‘ergs/sec, and v is the
exhaust velocity in cm/sec. 1In Eq. (13.14) we used the relation

between thrust and power given by
F=2P/v ‘ ’ (13.16)

Inserting into (13.15) the optimal values for M, and v given by

(13.14), we have
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F/Mgg = 6.6 x 1074 P/uiy . (13.17)
The thrust to final weight ratio i: given by
F/Mg = 5.0 F/Mog = 3.3 x 1073 P/um; (13.18)
and the average is given by
FIFg = 2.0 x 107> P/uM, : (13.19)

Assume, for example, the following parameters: MPL = 100 tons,

Mp = 5 tons, u = 107 cm/sec, and v, = 108 cm/sec. We thus have

v = 6.2 x 106 cn/sec, Mg/M = 1.56 x 1072, 1 /Mg = 2.54 x 107, hence
Mg = 1.64 tons, M = 4.17 x 102 tons, M, = 525 tons. For the ratio
of thrust to initial weight we have (putting M, = 1.05 x 108 gm)
F/M,g = 6.3 x 10°19P. Let us assume that we have 30 explosions per
second, each explosion equivalent to 0.2 ton of INT, i.e., 1016 ergs,

8o that P = 3 x 1017

ergs/sec. We then have F/M g = 0.19. The
‘ratio of thrust to final weight is given by F/M g = 0.95 and the
average of the ratio is given by F/Fg = 0.6. -This ratio is larger by
a factor of 103 than for other contemplated advanced propulsion
systems.

The maximum exhaust velocity attainable with the thermonuclear
fuel plasma alone is of the order Vo " 108 c@/lec. Let us, therefore,
put v = v, = 108 cm/sec. We then have an optimal vehicle velocity of

u=1.6* 108 cm/sec. In this case, ve have furthermore Me/Vy =

4.0, My/Mg = 0, hence Mg = 420 tons, M, = 0, M, = 525 tons. The
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3

amount of the expensive He -D fuel has increased from.the 1.64 tons

for the 100 km/sec mission up to 420 tons for the 1600 km/sec mission. N

To achieve a high vehicle velocity becomes, therefore, increasingly

2

expensive and, according to Eq. (10.10), increases as u“. The ratio

of thrust to initial weight in this case is given by F/M,g = 3.9 x

=20 17

10 ““P, which, for P = 3 x 10" ergs/sec, results in F/M,g =

3 and Mg = 3.6 x 1073,

1.2 % 1073, Furthermore, F/ML§ -6 x 10
It follows that even for this extreme case the fhrust-to-weight ratio
is still better by one order of magnitude than in any other known
system.

Finally, we shall calculate under optimal conditions the time
required for the mission to reach a vehicle velocity u. The ac-

celeration of the rocket vehicle with variable velocity u follows

from Eq. (13.16)

duv _ F _ 2P
T . (13.20)

From the basic rocket equation we have

M= M(t) = M, exp (-u/v) , (13.21)
hence
exp (-u/v) g—% - 2P . (13.22)
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Integration of this from u = 0 to u and from t = 0 to. the mission

time t = t, yields

M _v2
to = = (1 - exp (-u/v)) : (13.23)

Inserting the optimal values, we have
to = 0.8 Myu?p . (13.24)

For My = 1.05 x 108 gm, u = 107 cm/sec, and P = 3 x 1017 ergs/ sec,

4 sec * 8 hours. For u= 1.6 x 108 cm/sec, one

one has t = 2.8 x 10
would have t, = 7 x 106 sec = 81 days. In Table I 1is compiled a list
of the various quantitiés of interest Zor a number of flight parameters
ranging from a fuel vehicle velocity of 50 km/sec up to 1600 km/sec.

It is clear that with such a propuléion system, a manned trip

to Mars could be made in a week. With a vehicle velocity of 3 x 107

cm/sec, a trip to Saturn could be made in one to two months.



Table I
u[km/sec] v[km/sec] Mg (tons) Mh(tons) F/Mg ty(days)
50 31 0.41 420 1.1 0.07
1007 62 1.64 417 0.6 0.3
300 188 14.7 404 0.19 2.7
1600 1000 420 0 0.0036 81

“PL = 100 to, My = 5 to, Mp = 105 to

M, = 524 to, P = 3 x 1017

erg/sec = 15 ton TNT/sec



APPENDIX

Inductive Marx Generator

The principle of the inductive Marx generator is being shown
in Fig. 5. As already pointed out, in contrast to the capacitive
Marx generator where a bank of N capacitors is charged in parallei
to the voltage V and discharged in series raising the voltage to the
value NV, in the inductive Marx generator a bank of N coils is '
magnetized in series by a cﬁrtent I and discharged in parallel,
raising the resulting current to the value NI,

In the inductive Marx generator the switch-off problem is
facilitated by the fact that if the total required current to be
delivered to the target is I, then I, = NI and only the current
I= It/N has to be interrupted in each of N switches S as shown in
Fig., 5. 1f, for example, the total required current is It = 4 x
106 amp then a total of N = 400 coils with 400 switches would require
that in each switch a current of only 104 amp would have to be
interrupted.

We will derive certain relations for such an inductive Marx
generator. In deriving these relations, we use here the more con-
venient MKS units. We define as ¢ the energy in joule stored in one
coil of a bank consisting of N coils. If the total energy in the

bank 1s E then
E = Ne (A1)

Furthermore, if L is the inductance of one coil in henry then
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2
€ = LI°/2 (A2)
and 1f T is the required discharge time the induced voltage in volts
is given by
dI
Ve L dat
= LI/« (A3)
From eq. (Al), (A2) and (A3) together with the relation
I, =NI (AG)
one obtains the following relations
L = 2EN/1,° , (AS)
| VT = 2E/1, . (A6)
1‘ If, for example, E = 10% Joule and I, = 4.7 x 109 amp it follows
i that L = 0.89 x 10~/ N henry and VT = 0.42 volt sec. With T =
il =
3.5 x 10 U sec it would follow V = 1,2 x 106 volt. These numbers
H are in good agreement with our requirements.
4
- We are directing now our attention speci'f:lcally to a single
i o coil of our bank and express here for better understanding every-
:’; thing in electrostatic c.g.s. units, with the exception of the
* current I which is expressed in Ampere. The inductance of a coil
v . . of length %, radius r, and n number of turns is then given by
o
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L= 412n2r2/l = (A7)

The capacitance of a coil can be approximately determined by con-
sidering the coil as a conducting cylinder of radius r and length

2, hence

C= /2 an(2/7) . (AB)

The discharge time which is one quarter of the Thomson time is given

in electrostatic units by

T - we)t/22c
2
- T nr . ﬁ . (Ag)
elin(e/r)2)1/2 c
Az L
(tn(e/r)2) /2 i

Introducing the length A = 2mnr of the coil wire, we may also write

o 2 . (A10)

In eq. (A10) the factor A/2c is equal to the time needed for an

electromagnetic wave to travel along the wire of the coil from the
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center to one of the terminals. The remaining factor in eq.. (Al10)
is of the order one and does not depend very sensitively on the
particular coil geometry. If, for example, & = 46 cﬁ, r=6.6 cm,
then A = 2.0. If the coil has a current of I (amp) it will produce

a magnetic field H (gauss) which is given by
He=0.4mI/2 " (All)

If we request that I = 10“ amp, and H = 104 gauss then for & =

46 cm eq. (All) yields n = 37 turns. With this value of n one ob-

tains then from eq. (A9) T, = 2.6 x 10-8 sec. The actual discharge

tim¢ t §or the coil can be made longer but never shorter than Too

hence
T2 T, : (A12)

How short 1 can be acutally made depends on how fast the coil can be
switched off. In our case, for example, the required switch-off
times have to be of the order of v = 3.5 x 10—7 sec, which is more

than 10 times longer than the time Ty

The energy € in erg stored in one coil is computed from mulit-

Plying the magnetic energy density H2/8n with coil volume rrle

2 H
€ nr !.-8—“-

* 0.2n2r212/0 . (A13)
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For our example (n = 37, r = 6.6 cm, & = 46 cm, I --104 amp) one
has ¢ = 2.6 x 1010 erg = 26kjoule. The example was -chosen in
such a way as to have in the inductive Marx generator with N =

400 coils, a total current of It = 4 x 106 amp and a stored energy
of E = 106 joule, which is in good agreement with our requirements.

The 400 coils of the inductive Marx generator would occupy a
volume of only 2.Sm3, which again underlines the efficiency of the
magnetic energy storage. By increasing the number of turns in
each coil by a factor 3 the.magnetic field would go up to 3 x 104
gauss and the energy density would rise by a factor of about 10.
Under othersise unchanged parameters the total energy output of
the inductive Marx generator would then increase tenfold.

The functioning of the inductive Marx generator depends
critically on the ability to switch off large currents of the
order of 104 Ampere in a time as short as 10'7 sec. The switching-
off of large currents in a short period of time has been early
recognized as the principal problem in any inductive energy storage
system. In contrast to the opening of a switch the closing of a
switch can be accomplished very rapidly, in a matter of a few nano-
seconds by a spark gap switch. This is the reason why capaci-
tively stored energy can be very rapidly released.

A well known system by which large currents can be switched
off in a period of several 100 nanoseconds makes use of the rapid
change in the conductivity of an exploding wire. The exploding wire
technique, however, has the disadvantage that it depends on a fuse;

the exploding wire, which has to be replaced for each subsequent

discharge.
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It was pointed out above that. in the inductive Marx generator,
consisting of a bank of N coils, and requiring N switches as shown
in Fig. 5, the switching problem is facilitated by tﬁe sLbdivision
of the total current to be delivered to the load in pfoportion to
the number of coils in the storage bank; and it was specifically pointed
out that if, for example, as in our case, the required current to
the load is 4 x 106 amp and the energy is stored in 400 coils, each
switch has only to interrupt a current.of 4 x 106/&00 = 104 amp.

We will here describe a.switching technique, which seems to
promise to switch off currents of this magnitude in times of the
order of nanoseconds. The principle of the idea is explained in
Fig. 8, showing a cylindrical vacuum tube in a cross section along
its axis. The tube is inside a magnetic field coii producing a
strong axial magnetic field. The tube has a field emission cathode
and a collector anode. Around the center of the tube is an aux-
iliary ring electrode, which is brought against the field emission
cathode onto a large positive potential of several million volts.
This can be done, for example, by connecting the ring electrode with
a Van De Graaff or with a Marx Blumlein line high voltage generator.
This high voltage source is represented in Fig. 8 by the auxiliary
capacitor C. After a high voltage is applied to the ring electrode
a field emission current will start to develop. Normally, this
field emission current would be discharged onto the ring electrode.
If, however, a strong axial magnetic field is applied as shown in
Fig. 8, the current can be prevented from flowing to the ring

electrode 1if the following condition holds

E <<H 5 (A12)
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where Er is the radial electric field component and Hz the axial
magnetic field strength applied externally, the electric field by
the ring electrode and the magnetic field by the field coil, both
measured in electrostatic units.

If condition (Al2) is satisfied the electron current will be
confined radially, The electrons after being accelerated in the
first half part of the tube towards its center at the position of
the ring electrode are decelgrated in the second half part of the
tube and reach the collector anode with zero energy if the potential
difference in between the cathode and anode 18 zero and if the pro-
cesses of emission, acceleration and collection are without losses.
However, this idealized condition is not expected to hold rigouously
and a small potential difference in between the cathode and the anode
has to be sustained in order to make up for these losses.

After the ring electrode has been connected to the high voltage
source a current will flow from the cathode to the anode. In order to
interrupt this current a triggered spark gap switch s at the auxiliary
capacitor C connected to the ring electrode has to be closed. This
can be done in a time as short as 10'9 sec. The voltage at the ring
electrode will then drop in a time given by the 1/4 Thomson time (in
electrostatic c.g.s. units)

i 1/2
= 2c (LC)

= D/c , (A13)

where L and C are the inductance and capacitance of the capacitor C
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and the ring electrode. D is the linear system of this system of
conductors. If, for example, T = 3 x 10-7 sec it follows that D
10‘ cm = 100 meters, a value which can be easily realized by a Van
De Graaff or Marx generator. After the voltage at the ring electrode
has dropped, in the time given by ea. (Al3) the field emission current
will stop instantaneously and the electron current is suddenly inter-
rupted. The same would be the case if the current from the cathode.
is produced by other processe;, for example, by thermionic emission.
In this case, after the voltage at the ring electrode has dropped off,
the uncompensated electric space charge field would also immediately
stop the current.

In Fig. 8 the negative terminal of the high voltage source is
grounded against the cathode and anode over large resistors R in
order to prevent the current from bypassing the vacuum tube.

The rapid switching off the electron current is pcssible because
of the very small inertia of the electronic charge carriers. Since

in our case the electrons will be accelerated between the field

emission electrode and the center of the tube to relativistic energies

the acceleration time is given by

£, & BE ’ (A14)

where ¢ and m are the electronic charge and mass and Ez the axial
electric field component in electrostatic units. If the tube has a

length 22 and a radius R which is equal to the radius of the ring

electrode and if a voltage V is applied to the ring electrode, the

electric field E, due to this applied voltage V near the fir
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emission electrode is given by (in electrostatic units, V in volt)

E, =V /300(2% + R%) . (A15)

hence from (Al4)
e, * 1.7 x 1070 (22 + &) /s X (A16)

If, for example, V = 106 volt and £ = R = 10 cm it follows t, " 3.4
10'10 sec, and for all practical purposes t >> tg.

The condition (512) for confined space charge flow (Brillouin flow)
is necessary but not sufficient and has to be supplemented by a number
of ot;er teetrainfs.

First, condition (A12) does not include the self-electric and
self-magnetic field of the beam current in the tube. But since the
electrons attain relativistic energies in most parts of the tube,
along their trajectory, except near the cathode and collector anode,
the azimuthal beam magnetic field Hg is almost completeiy compensated
by the radial beam electric field EE. Therefore, in all practical
cases the externally applied axial magnetic field can be made suf-
ficiently strong to over-compensate the repulsive forces of the
beam self-electric field over the self-magnetic field. Since the
electron energies near the emitter and collector electrodes are small,
the externally applied magnetic field near the electrodes is not
assisted by the self-magnetic beam field. To compensate the self-

electric beam field one is therefore on the safe side if one simply

requests that the externally applied magnetic field must be everywhere
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sufficiently strong to over-compensate both the radial electric

field component resulting from the high voltage externally applied

to the ring electrode and the radially oriented self-electric field

of the beam.

Second, in order to avoid the diocotron instability the
trifugal force on the electrons resulting from the FxH drift
must be small compared to the Lorentz force.

Third, for a space charge flow to be possible the axial
field component of the externally applied electric field has
strong enough to compensate the axial component of the space
field resulting from the electron current.

We will now quantitatively formulate all the additional

as listed.

cen-

velocity

electric

to be

charge

conditions

1) The radial self-electric field E, of the current having a

radius r < R is given by (in electrostatic c.g.s. units)
EB = - 2wner ’
r

where n is the electron number density in the beam current.

(A17)

Since

the electron current obeys the relation (v electron drift velocity)

I= - ﬂrznev

one has from (A17) and (Al8)

B _ 2I
Er-;-r—
- S 0.21
v T U

(A18)

(A19)
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the latter being valid if I is expressed in amp. The azimuthal

magnetic beam field at the other hand is given by

B _0.21

H. —— (A20)
so that

B.vgh

H’ e Er
respectively

n: <E for v < ¢ . (A21)

For v £ ¢ one has

E} 2 0.21/r . (A22)

Take for exsmple r = 10 cm, I = 10% amp it follows E_ =2 x 102

4 volt/cm.

esu = 6 x 10
The electric field at the emitter nr collector electrode due to
the externally applied voltage V is giv . by (Er in electrostatic

units, V in volt)
£, = VR/300(2? + R?) . (A23)

Put, for example, Ro 2 = 10 cmand V= 106 volt one then has !r -
1.7 x 102 esu = 5 x 10‘ volt/cm.
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In the center of the tube the radial component of the electric

field is given by

® * 35 X - | (A24)
For the given example this would yield Et = 3,3 x 102 esu = 10S
volt/cm. The total electric field near the emitter or collector
electrode is thus the sum of the values given by eq. (A22) and (A23).
Neat the center of the tube the self-electric field is almost com-
pensated by the self-magnetic beam field so that the radial electric
field strength is there determined by eq. (A24) alone. The condition
(A12) for confined space charge flow near the emitter or collector

electrode has to Be therefore refined as follovws

. RV :
1 o 0.21 __ H , (A25)

and in the center/of the tube as follows

1 Vv
300 R << Hz (A26)

2) In order to avoid the diocotron instability the following

relation must hold

D << D 2 (A27)

where !
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vp = cEr/Hz (A28)

is the azimuthal electron drift velocity and where it was already

assumed that E_ << H,_. From eq. (A27) and (A28) one obtains

z e r (A29)

Er in eq. (A29) must, of course, include both the contribution re-
sulting from the externally applied voltage as well as the beam field.
The maximum contribution to Er resulting from the externally applied
field is given by eq. (A24) and the maximum of the self-electric
field of the beam is given by eq. (A22), hence by substituting in

eq. (A29) the sum of both contributions and by putting

v = ¢ results in

«1.7x100 L [_Y_ + o.zr] (A30)

3) In order to sustain.a space charge flow axially an axial
electric field Ez has to be applied. In our case Ez is given by eq.
(Al5). The current I which can be sustained under the application of
an external voltage and an electrode separation p is given by the

space charge flow equation (I in amp, V i~ volt)
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on
I=7.3x%10° [ 22/ (92 + R?) ]3’2 (x/2)2 v3/2 (A31)

Or if a certain current I is required one can solve eq. (A3l) for

V giving

v=2.7x103 (/)3 [ (1% + R /12 ] 23 (A32)

Take, for example, I = 104

2.4 x 10° volt.

amp £ = r = 10 cm it thus follows V =

We now check if the different conditions expressed by the in-

equalities (A25), (A26) and (A30) are satisfied, for the following

4

final set of parameters, V = 2.4 x 106 volt, I = 10" amp, . = R>r =

10 cm. We obtain from (A25): H, >> 600 gauss, from (A26): 1, >>
800 gauss and from (A30): Hz >> 400 gauss. From these values it
thus follows that a magnetic field of H, = 10“ gauss would suffice.

Such a field can be produced without any difficulty.
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Fig. 1

Fig. 2

Fig. 3
Fig. &
Fig. 5

Fig. 6

g0
Figure Captions

Basic flow diagram of thermonuclear micro-bomb propulsion
engine.

Flow diagram for propulsion svstem in which a chain of thermo-
nuclear micro-bombs is ignited by an intense electron beam.

P = payload, S storage for micro-bombs and hydrogen, E
electron beam generator, M magnetic mirror reflector, M.B.
micro-bomb in focus of mirror, L magnetohydrodynamic loop,

PT pulse transformer, U unipolar machine, N.R. nuclear reactor,
Rad radiator: 1 flow of micro-bombs from S to focus of M, 2
electron beam, 3 electric energy flow from M.,H.D. loop L to
unipolar machine U, 4 energy flow from U to electron heam
generator E, 5 energy flow from nuclear reactor N.R. to
unipolar machine, flow of energv from N.R. to magnetic field
coils of M: 7, 8, and 9 flow of waste heat to radiator Rad.

The principle of the thermonuclear micro-bomb rocket engine.
Capacitive high voltage Marx generator.
Inductive high voltage Marxx generator.

Position of thermonuclear target within magnetic mirror
and target bombardment by electron beam.

Fig. 7a, b, ¢ 1Ignition temperature and energv input for a = 1.0,

Fig. 8

0.1, and 0.01.

The switch for rapidly interrupting a large current. C is

a high voltage capacitor, s is an auxiliary triggered spark
gap switch, R are large resistors, (I is directed along the
electron current).
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