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@ Method and apparatus for induced nuclear beta decay.

@ Certain nuclear beta decay transitions, normally in-
hibited by angular momentum or parity considerations can
be induced to occur by the application of an electromagnetic
field. The energy reieased by these induced nuclear tran-
sitions is useful for the controlled production of power.
These induced beta decay transitions are also useful to
reduce the halflives of long-lived fission product wastes
from nuclear fission power plants. Theoretical results are
given for induced beta decay halflives as a function of the
intensity of the applied field. The nuclides that can be
treated in this way are all those found in Nature which are
potentially useful energy sources, as well as *Sr and
1#7Cs— the most radioactive of fission wastes. It is shown
that electromagnetic fields of the type and intensity required
to achieve useful power production and/or fission waste
disposal can be produced in a practical way.
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METHOD AND APPARATUS FOR INDUCED NUCLFAR BETA DECAY

This invention relates to a method and apparatus for
inducing nuclear beta decay transitions that are normally
inhibited by angular momentum or parity considerations.

According to one aspect of this invention a method of
inducing nuclear beta decay transitions camprises providing a
meditm which includes atomic nuclei that have forbidden beta
decay transitions in which the initial and final nuclear states
do not have the same intrinsic pairty or have total angular
momenta which differ by more than one quantum unit of angular
momentum, and applying to the medium an electromagnetic field
which has an intensity sufficient to provide the angular momentum
or intrinsic parity necessary to overcame the forbiddenness of
the beta decay transitions of the atomic nuclei, thereby to
induce the beta decay transitions.

According to another aspect of this invention an apparatus
for inducing beta decay transitions comprises a medium which
includes atomic nuclei that have forbidden beta decay transitions
in which the initial and final nuclear states do not have the
same intrinsic parity or have total angular momenta which differ

by more than one quantum unit of angular momentum, field producing

means for producing an electromagnetic field in the medium

and means for energising the field producing means to

establish the field at an intensity sufficient to provide the

angular momentum or intrinsic parity necessary to overcome the

forbiddenness of the beta decay transitions of the atomic nuclei.
The energy released in these induced nuclear transitions

is useful for the controlled production of power. The induced

. beta decay transitions are also useful to reduce the halflives

of long-lived fission product wastes from conventional

nuclear fission power plants.

The background leading to this invention, theoretical
predictions and practical examples will now be described and
explained.
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I. BACKGROUND AND FOUNDATIONS OF THE INVENTION

A. Introduction and Prior Art.

There is 1little history of work on causiné
changes in the rates of beta radioactivity. The
common understanding is that it is an immutable
natural process. There are two theoretical treatments
of the influence on beta decay of extremely intense

1/

constant magnetic fields.= These studies conclude

that there would be essentially no effects for fields
up to about 1012G, but above about 1013G beta decay
rates would be increased noticeably. The problem is
that the largest field that can be produced in the
laboratory at present is about 106G. )
The work just cited 1is of interest in an
astrophysical context. Another astrophysical
treatment of beta decay modification treats photon
effects on beta decay in a stellar interior. The
mechanism is one in which the photon produces a
virtual electron-positron pair, with the positron
being absorbed by the nucleus in lieu of beta-particle

2/

emission.= The process can become of importance at

temperatures of the order of 108 K.

The present invention involves induced emission
from a certain type of metastable nuclear state.
There is precedent for this in atomic physics. The 2s
state of the hydrogen atom is metastable; but it can
be induced to decay to the 1s ground state by a
nonresonant electromagnetic field. The emission
occurs with at least one photon of inducing field
type, plus another photon carrying the remaining
energy of the 2s-1s energy level difference. The

3/

theory for this process was given by Zernik=
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for a first order process in the inducing field. The
theory of arbitrarily high order processes involving a
low frequency inducing field has also been

4,5/

developed.—1= Experimental verification of the

lowest order induced process in hydrogen has been

6/

accomplished.— This invention is conceptually
closely akin to this atomic work in that an externally
applied electromagnetic field permits a relaxation of
the conservation conditions that cause the
metastability of the system with no field present. It

differs from the atomic analogue in that the

-metastable state is nuclear, rather than atomic; the

metastability is against emission of beta particles
and neutrinos, rather than photons; and the emitted

radiation therefore consists of a mixture of beta

~ particles, neutrinos, and photons, rather than photons

only.

B. Qualitative Effects of the Applied Field.

The present invention relates to the production
of nuclear energy by the process of induced beta
radioactivity. (One could use the words "stimulated"
or "accelerated" rather than "induced." However, the
word "stimulated" is suggestive of laser physics,
where the stimulating radiation is resonant with an
atomic or molecular transition, so that the stimulated
radiation and stimulating radiation are of the same
type. The  word "accelerated" might be more
acceptable, although it seems inappropriate in those
cases where the nuclear species in gquestion exhibits
no radioactivity at all when not subjected to inducing
radiation.) A number of nuclear species exist having
real or potential beta décay transitions classed as
"forbidden." The term "forbidden" is used in beta
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decay physics, not as an absolute term, but to
indicate that the transition is strongly inhibited.
Such species therefore have very long halflives. It
is the basic purpose and objective of the present
invention to induce the beta decay of such species so
as to materially reduce their halflives. With
nuclides which normally exhibit beta decay, this would
lead to an increased rate of release of energy. In
like fashion, those nuclides which only have a
potential beta decay can be induced to release that

‘energy. In either case, these species would be useful

‘fuel for the controlled production of power. In

addition, since certain radioactive by-products or
wastes of nuclear fission power plants have long
halflives because of their property of beta decay
forbiddenness, the present invention, when applied to
these materials, would afford the advantage of rapidly
converting such wastes to nonradioactive species. At
the same time, useful energy could be extracted
therefrom.

It is recognized in nuclear physics that beta
decay transitions are unimpeded when the initial and
final nuclear states have the same intrinsic parity
and have total angular momenta which are either the
same or differ by one quantum unit of angular
momentum. These beta decays are categorized as
"allowed." On the other hand, beta decay transitions
are inhibited when the initial and final nuclear
states either do not have the same intrinsic parity,
or have total angular momenta which differ by more

than one quantum unit of angular momentum. These beta
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decays are categorized as "forbidden." Forbiddenness
has a very strong influence on the observed halflife.
For example, strontium-90 (one of the wastes of
nuclear fission power plants) has a halflife for beta
decay of 28.6 years, because the initial and final
nuclear states have an angular momentum difference of
two units, and have opposite parity. By contrast,
strontium-92 beta decays with a halflife of only 2.7
hours. The two nuclei have very similar nuclear
parameters for beta decay, the primary difference
being that an allowed decay exists for strontium-92,
but not for strontium-90. The degree of forbiddenness
varies for different nuclides. Whereas strontium-90
represents a type -of "first forbidden" decay,
calcium-48 is an example of a "fourth forbidden"
decay. In fact, calcium-48 is not obserVed ever to
undergo beta decay, even though it is possible by
every conservation rule other than angular momentum.
Other nuclei with parameters similar to those for
calcium-48, but with an allowed beta decay open to
them, have beta decay halflives of the order of forty
days. |

In accordance with the present invention,
forbidden beta decay transitions are rendered allowed.
This result is accomplished by employing an externally
applied electromagnetic field to serve as a reservoir
of angular momentum and parity to remove forbiddenness
from the beta decay. The necessity for having an
electromagnetic interaction in the beta decay in

addition to the usual beta decay interaction invokes a
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penalty in the halflife expected. That is, the
halflife for a beta decay induced by an
electromagnetic field can never be as short as the
halflife for an otherwise comparable allowed
transition. Nevertheless, the halflife shortening
possible through the intercession of an
electromagnetic field in a forbidden decay can be very
striking.

To explain how an applied electromagnetic field
can remove forbiddenness from beta decay, it is
convenient to introduce the concept of photons. (A
photon 1is +the basic elementary particle of the
electromagnetic field. The fields considered here are
coherent fields involving a superposition of different
types of photons, so a photon representation is not
suitable for practical calculation. Nevertheless, the
photon provides a simple conceptual notion of how
forbiddenness .is removed.) Each photon of the
electromagnetic field carries one quantum unit of
angular momentum, and has negative intrinsic parity.
(In the language of elementary particle physics, the
photon is a pseudovector particle.) The angular
momentum and parity of a photon are independent of the
energy carried by the photon, and since there are no
critical energy or momentum conservation conditions
which the photon must satisfy, the choice of the
frequency of the applied electromagnetic field is
largely determined by practical consid_erations about
the besft way to achieve certain values of an

interaction stréngth parameter to be discussed below.
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An illustration of the principle involved is

provided by the beta decay of 90Sr. The decay scheme

.. 1/
for this is—
o+ 28.G6y.

90

38752

Qg- =046 keV
2= 4.1 h.
< % .
3§Y5|
90

5 The superscript on
90

Sr and on its daughter nucleus
Y (yttrium-90) indicate the total number of nucleons
in the nucleus. The left subscript shows the number
of protons, and the right subscript gives the number
of neutrons. Thus the beta decay of 90Sr to 9zo¥

Sr

10 involves the conversion of one of the neutrons in

into a proton, thus causing a transmutation from
strontium to yttrium. (The further decay of 90Y into
the stable nuclide zirconium -90 is not shown here,
since it is not needed for this discussion.) The
15 horizontal lines show the energy levels of the nuclei.
The 0" at the left of the line means that this

ground-state energy level of 90Sr has zero angular

momentum and positive parity. The 2 shown for 9OY
signifies two units of angular momentum, and negative
20 parity. The opposite parities of the states, and the

need for a change in angular momentum of two units,
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accounts for the 28.6-year halflife of 90Sr. In the

presence of an applied electromagnetic field, the
90Sr 90Y) can be
thought of as emitting or absorbing a photon, with a

initial state ( )} or final state (

resulting change in angular momentum and parity. For

example, the ground state of 90Sr

in the
electromagnetic field would have a 1 component, so
that the beta decay could proceed with a change of
only one unit of angular momentum and no parity
change, which is an allowed beta transition. An
energy level diagram for this is
1~
<3+

l

05

90y

where the straight diagonal 1lines represent beta
transitions, and the wavy lines represent photon
absorption or emission. The amount of energy
represented by the photon is greatly exaggerated in
this diagram. On the scale of energy set by the
difference between the 90Sr and 90Y ground states, a
photon of the applied field contributes essentially
Zero enerqgy.

The result of this interaction with the
electromagnetic field is to enhance the transition

rate due to removal of forbiddenness from the beta
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decay, while accepting some penalty in the total
transition rate due to the introduction of an
interaction with the electromagnetic field. A
significant overall increase in the transition rate
achieved by application of the electromagnetic field
in accordance with the present invention, has
practical importance from at least two points of view.
One is achieving useful power production from the beta
decay of materials which are long-lived when not
induced to decay; and the other is achieving relief
from a major aspect of. the problem of disposal of

radioactive wastes arising from nuclear fission power.

c. Illustrative Nuclear Species to which the

Invention Applies.

Some of the nuclear species most useful in the

practice of the present invention will now be

considered, and these will be discussed under two
principal headings: those nuclides, found in Nature,
most promising for power production; and the
beta-active fission products which present the major
burden of radioactive waste disposal, and which could

also contribute to power production.
1. Naturally Occurring Nuclides.

The nuclear species relevant to this category are
50
\Y/

96Zr
115In

40K (potassium-40), 480a (calcium-48),

(vanadium-50) , 87rb (rubidium-87) ,

113Cd

(zirconium-96) , (cadmium-113), and

(indium-115) . (Other beta decay species found in

123Te 138La 176L 180 197R

Nature-- ’ ' u, Ta, e-~will not be

mentioned further, because of small abundance and/or

low decay energy). A striking feature common to all
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these nuclides 1is their wvery 1long halflives. The

shortest lifetime in the 1list is possessed by 4OK

whose 1.277 x 109-year§/ halflife is about 1/4 the age

14

of the Earth. The halflife of °’Rb, 4.80 x 10:°
years,gl is more than ten times the age of the Earth.
The other nuclei bracket the threshold of
detectability. 1151n is 1listed at 4.41 x 1014
10/ 113 . 15
years.— The decay of Cd (halflife 9.3 x 10
yearsli/) was detected for the first time only
12/ 48 50 96
recently.— Ca, V and Zr have never been

observed to decay, even though it is possible in
principle, and nuclear data compilations give only a
lower limit for their halflives.

A feature of those materials which decay in a
single stage of beta emission is related to the safety
of power reactors with such fuels. The enhanced beta
activity of the fuel requires the establishment of
precisely the correct conditions within the reactor.
If the reactor malfﬁnctions, the Dbeta decay
enhancement is interrupted, and the fuel immediately
reverts to the near-zero radioactivity of its normal
state. There is no possibility of a runaway reaction.
Furthermore, there 1is neither induced nor residual
radioactivity to deal with upon shutdown. Even if
some mechanical accident should breach the integrity
of the reactor, any fuel or waste products which might
escape are as innocuous as the original charge of

fuel. The situation is not quite as straightforward
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with 48Ca and 96Zr which experience a spontaneous beta
decay following the induced decay. However, since the
spontaneous decays have halflives of the order of one
or two days, do not induce further activity, and emit
nothing gaseous, hazards associated with an accident
are minimal. Several weeks delay after an accident
would be necessary to permit the activity to

disappear.

Some of the nuclides considered here experience
only beta decay, with no .associated gamma emission. A
feature of such a pure beta decay energy source is the
prospect of direct generation of electrical energy.
Essentially all of the energy in a pure beta decay
appears in the charged beta particle, and in a neutral
neutrino or antineutrino (with a trivial amount
appearing in nuclear recoil). The neutrino energy is
irretrievably lost, but if the kinetic energy of the
beta particle is used to carry it to a collector
separate from the fuel, the consequence 1is a
separation o©f charge. This separation of charge
creates an electric potential difference which can
cause electrical current to flow.

40K will now be

The beta decay properties of
discussed. The natural decay of 40K exhibits all the

types of beta activity. Its beta decay can be
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represented by the following energy level diagram,
adapted from Endt and Van der Leun.g/

4~ 1.277 <107 y.
o+ 1461 keV
Ty
Eec =44 keV
10.67% Qq- =1312 keV
89.33 %
+
Qg-)-: !505 Re\’ ©
- 1x1073% . jgc%
58 T2,
40

The horizontal line for K is the ground state,

5 with a spin and parity of 4 . The line slanting down
to the right signifies a B~ decay to the ot ground
state of 4OCa (calcium-40). This decay arises from
the conversion of one of the neutrons in 40K into a
proton, which is the reaction

10 n"’P*,e—.* v .

The three emergent particles from the reaction are the
proton, electron (or B8  particle) and the
antineutrino, v . The antineutrino has such
infinitesimally small probability of interaction with
15 anything, that its primary importance in practical
application 1is that it carries away, and thus
"wastes," about half of the energy released in the

beta decay. The 1.312 MeV of kinetic energy shown in
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the diagram for the B8~ decay thus over states, by a
factor of about two, the average energy retrievable
from the process. The 4 to 0+ transition is called
"unique third forbidden."

The line in the 40K level diagram slanting down
to the left represents the capture of an atomic
electron by the nucleus, leading to the first excited
state of 4OAr (argon-40). This EC (electron capture)
is equivalent to the conversion of one of the protons

. 40, .
in K into a neutron, or

P + e + n + v .

The reaction is placed in quotation marks to emphasize
the fact that such a reaction 1is energetically
impossible with free protons and electrons, but can
become possible within an appropriate nucleus. The
symbol v on the right hand side is a neutrino, the
antiparticle of the antineutrino of B decay. The 4~
to 2t transition, "unique first forbidden," would be
the dominant decay mode of 40K since it 1is so much
less forbidden than 4~ to 0+, were it not for the very
small transition energy involved in the EC decay--only
44 keV as compared to 1312 kev for B . These
opposite trends give the result that 89.33% of the
natural decays occur by B8 and 10.67% by EC. Since
the EC process leads to an excited state of 40Ar, it
is followed gquickly by the emission of a 1.46 MeV
gamma ray as the newly-formed argon goes into its
ground state.

The last decay mode shown on the diagram is

+
B decay, which is equivalent to

P* n + et + v "o
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Again, the quotation marks are a reminder that this
reaction is not energetically possible for a free
proton, but it can occur in certain nuclei. The line
in the diagram showing B+ decay has a vertical
portion followed by a slanted part. The vertical line
is an indicator of an energy equal to the combined
rest mass energies of an electron and a positron
(totaling 1.022 MeV) which enters into the energy
balance for g* decay. Thus the energy available to
the positron and neutrino amounts to 1505 keV less
1022 keV, or only 483 keV. This accounts for the fact
that a B+ transition to the first excited state of

40Ar is not possible. It is also most of the reason

4OK is so strongly dominated by

why the E+decay of
the g~ decay, even though both are 4 to oF
transitions. (There are other reasons having to do
with details of nuclear structure.)

48Ca presents new features. It appears to be
entirely stable, but B  decay is energetically
possible if a large angular momentum forbiddenness is
overcome. If decay is induced by an electromagnetic
field, the daughter nucleus is radicactive with both

B” (allowed) and gamma emissions.

For further explanation, the energy level diagram
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of 48Ca and its (potential) daughter nucleus 488c
(scandium-48) is useful:—lé/
o* 2 2<10%y,
4+ 252keV
, S5t 131 keV
43 T
20Cq, -6
Qq- = 28! keV 3isc 5o ; 3508
758 3333
Qg- = 3990 keV =t 2=
S5 7%
] 2296
keV
100%
1 984
keV
{007
ot v

4282Ti15
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No beta transition is actually observed from 48Ca, but

its ground state is 281 keV above the ground state of

4850. The two most probable beta decays shown for
48

Sc are allowed, so 4880 has a halflife of only 43.7
hours. Since the only 1levels in 48Ti available for
allowed transitions from 488c are well above the
ground state, the beta decay of 4880 is accompanied by
gamma ray emissions of 175 kev (7.5%), 1212 kev
(2.4%), 1037 kev (97.5%), 1312 kev (100%), and 984

kevV (100%). These gamma ray transitions are shown by

48

the vertical lines in the Ti diagram. The overall

energy difference between the ground states of 48Sc

and 48Ti is 3.990 MeV. Thus, although the potential

48C

beta decay of a itself 1is not particularly

energetic, the end result of such a decay, when
induced, is the release of a relatively large amount
of beta and gamma ray energy.

The other nuclei under this heading will be

discussed more succinctly than were 40K and 48Ca. The

50,, 14/

next heavier candidate, is interesting because

-it appears to be totally stable in Nature, and because
it is the only case to be 1listed here in which

potential B*' activity is as significant as B .

9/

Rubidium-87-~ is interesting because of its
comparatively large isotopic abundance (27.85%), and
its relatively great importance in terms of energy

resources.

. . i5 . c . .
erconlum—96——/ is very similar in nature to

48Ca. 962r is apparently non-radioactive, with the

beta-active 96Nb (niobium-96) as its daughter nucleus

if decay is induced. 96Nb decays to excited states of

96Mo (molybedenum-96) .

113,411/

degree of forbiddenness than 87Rb, and slightly more

The nearly stable nuclide has a higher

available transition energy. The isotopic abundance
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of 113Cd is 12.26%, but it is less widely distributed
in Nature than 87Rb.
. 115__10/ . .
Finally, In—' has the same forbiddenness in

its beta decay as 113

Cd, a more energetic g decay, but
nearly as long a lifetime. Natural indium is largely

1151n (95.7%) .
2. Fission Products.

The second group of nuclides to be examined is
the fission products which arise from the breakup of
the fissionable fuel in nuclear reactors. A great
many different fission products occur, but they all
share the property of being neutron-rich when they are
created, and so they exhibit B~ decay.

By far the most important beta decay nuclei from
the standpoint of fission reactor waste disposal are

90Sr (strontium-90) and 137Cs (cesium-137) . For the

first 700 years or so of natural decay, 905r and 137Cs
comprise virtually the entire burden of fission waste

6/

radioactivity.l— The reason for this arises only in
part from the fact that they are among the most likely
in occurrence in the probability distribution of
fission products. More important is that their beta
decays have a moderate degree of forbiddenness. The
nuclei with allowed beta transitions decay with
sufficient rapidity +that their radioactivity 1is
significantly depleted during the first year or so of
waiting time after spent fuel rods are removed from
the reactor. Nuclei with highly forbidden beta
transitions decay so slowly as to moderate the level
of radioactivity they present, although their
persistence is thereby increased. However, 9Osr and
137Cs both have "uniqgue first forbidden" beta decays

(angular momentum change of two, and change of parity)
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which give them halflives of the order of thirty
years. This makes temporary storage of 1little use,
and yet the levels of activity are high. It is also a
particularly obnoxious halflife in terms of health
hazards, since thirty years is the order of magnitude
of a human 1lifetime. 90Sr in particular becomes
incorporated in bone when ingested, where it continues

to damage the host organism. The biological halflife

(i.e. , the halflife for retention in humans) of 90Sr
is 49 years in bone and 36 years on a whole body
basis.lzj

90 90

The decay of Sr is to Y (yttrium-90), which,

in turn, has a first-forbidden, but more energetic'

90 7/

decay to the stable Zr nucleus.—~" Application of an

appropriate external field would accelerate both 90Sr

and 9OY decays, but the 908r decay always remains the

controlling factor.

In the case of 137

Cs, decay is directly to a beta
137 The natural

Ba (barium—137).1§/
decay is 94.7% to the excited 11/2- state of 137Ba,

which is followed by emission of a 662 keV gamma ray.
137

stable nucleus,

Decay directly to the groundstate of Ba occurs in
5.3% of the cases. When induced by an applied field,
the relative importance of the two final states in
13’7Cs decay is dependent on field intensity.

When subjecting beta active fission fragments to
decay-inducing fields, the most 1likely aim would be
twofold: to reduce the level of radioactivity of
fission wastes, and to produce useful energy thereby.
Other 1long-lived fission products which experience
forbidden beta decays include 85Kr (krypton-85) which
has a 10.72 year halflife because of the same kind of

unique first forbidden decay as 908r and 137Cs. Also
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included are much longer lived fission products like
135Cs (2.3 x lO6 years), 99Tc (technetium-99, 2.13 x
105 years), and 129I (iodine~129, 1.57 x 107

all of which have

These, with a number of other fission products, could
make a contribution to total

years),
"second-forbidden" transitions.
energy release even
though they represent less of a disposal problem than
90Sr and 137Cs. with the

product
(yield)lg/, normal halflife, and the maximum beta
decay energy available when stimulated.

They are 1listed below,

probability of occurrence as a fission

Maximum Decay

Nuclide Yield (%) Halflife (years) Energv (MeV)
135q¢ 6.7 2.3 x 10° 0.209
3 6.4 1.53 x 10° 0.090
137q4 6.23 30.17 1.173
9pc 6.1 2.13 x 10° 0.291
90gy 5.9 28.6 0.546 + 2.279
14%ce 5.45 0.7800 | 0.3182 + 2.996
87rb 2.56 4.80 x 10%0 0.2733
o0 2.26 2.6234 0.2247
85k 1.33 10.72 0.687
129; 0.9 1.57 x 10’ 0.189
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D. Potential Energy Resources.
1. Resources from Naturally-Occurring Nuclides.

The potential resources of energy contained in
naturally occurring nuclides with inducible beta
decays are difficult to state in absolute terms.
Nevertheless, a relative statement of resources as
compared to some more familiar material can serve to
set the scale. The table below gives the energy
potentially available from induced beta decay in a
variety of fuels as compared to the energy in 235U
(uranium-235) and in °Li (lithium-6). 23°U is the
only nuclide found in Nature which is subject to
fission by slow neutrons. It is the present basis of
the nuclear power industry. 6Li is the ultimate
practical source of the tritium that is necessary for
the DT (deuterium-tritium) nuclear fusion reaction.
The DT reaction represents the most likely prospect
for success for practical energy from nuclear fusion.
In the table, 200 MeV of energy 1is presumed to be
available from each 235U nucleus, and each 6Li nucleus
is taken to give rise to the 17.6 MeV of the DT
reaction. The beta decay nuclides are evaluated in
terms of the sum of half the beta decay energy plus
all the gamma decay energy emitted in the progress of
the decay to the final state. The abundance data
usedggji are atom abundances (atoms per 100 silicon
atoms) of the elements as they occur in the igneous
rocks of the Earth's crust.
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Energy potentially available from induced beta
decay of materials in the Earth's crust is seen to-
compare favorably with other types of nuclear energy.
Beta energy resources are about one half of DT fusion
energy resources, and they are about three hundred

times greater than 235

U fission energy resources.
This second comparison signifies that Dbeta energy
resources exceed the resources available in total from
uranium, with breeding included. Furthermore,
assessments based on igneous rock understate beta
energy resources since calcium, for example, is much
more abundant in sedimentary rock. An energy resource

235U with 48Ca in limestone favors 48Ca

by a factor of the order of 104.

comparison of

Certain of the beta energy resources occur
extensively in seawater, so the resources in the
Earth's hydrosphere should be considered in addition
to the resources of the lithosphere 1listed above.
Seawater is not a significant source of either lithium
or uranium, so a direct comparison as just done for
igneous rock is not available. Instead, an index of
resource assessment introduced by Hubbertgl/ can be
employed. He compared DD fusion resources with fossil
fuels, based on the extraction of 1% of the deuterium
from the oceans. With the same 1% extraction assumed
for the beta energy fuels, and with the composition of
seawater as given by Rankama and Sahamagg/, the re-

source figures in the following table are arrived at.
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The resources of potential beta decay energy are
seen to be very large indeed. As compared to the

total initial world supply of petroleum, the energy of
48

87

Ca is twenty thousand times as large, and 40K and
Rb are also impressively larger in magnitude than
the energy resources of petroleum. Since Hubbert has
estimated that DT fusion energy resources are of the
same order of magnitude as total fossil fuel energy, a
comparison between beta energy resources in the
hydrosphere and in the lithosphere can be made. For

40K, 87Rb, and 48Ca, resources from the oceans are
50 . . .
V is similar in
. . . 113 115

importance from either source; while Cd and In

much greater than from the rocks;
are available only from the lithosphere.
2. Resources from Fission Products.

Whether the primary intent of stimulating
forbidden beta transitions in fission products is to
reduce the burden of radiocactive wastes, or to achieve
useful energy therefrom, an assessment of the size of
the power source thus available is appropriate. If
nuclear fission power capacity reaches a level of
900,000 megawatts, then the long 1lived beta active
fission products generated per year by this nuclear
industry would have an energy content of the order of
2000 megawatt years. That is, if it should be
possible to consume these fission products on a
steady-state basis as they are produced, the total
power available from the fission products is about
2000 MW, or about 800 MW of electricity if thermal
losses are considered. Of this total, 908r and 137C

taken together represent about 80%, and 135Cs and 99T

S

c
together represent another 10% or so.
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I1. EXPLANATION OF THE INVENTION

A. Theory.

The basic idea of +this invention 1is that
forbidden beta decays can have their forbiddenness
removed by the intervention of the angular momentum
and parity contained in an applied electromagnetic
field. There are some nuclear species whose beta
decays are so highly forbidden by angular momentum and
parity selection rules that their halflives are of the
order of, or greater than, the age of the solar
system. Other nuclides have such long halflives that
no beta decay activity has ever been observed in then,
even though it is ©possible in principle. Such
quasi-stable nuclear species are thus still to be
found among the mineral resources of the Earth. Other
nuclides with forbidden beta decays are generated as
byproducts of nuclear fission reactions. Both natural
and manmade forbidden beta species contain potential
energy resources which can be released for practical .
use when their beta decays are induced to occur by an
applied field. Independently of (or conjointly with)
any utilization of energy therefrom, the induced beta
decay of fission products serves to reduce a major
radiocactive waste disposal problem.

The theory of induced beta decay is developed by
first deducing the quantum mechanical dynamical
equations for the relevant internal nuclear
coordinates in the presence of an external field.
This both specifies the equation of motion which must
e solved, and serves to exhibit the effective charge
with which the beta active portion of the nucleus is
coupled to the external field. A formalism 1is

developed which is the extension of the usual beta
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decay theory to the case where the nuclear states and

beta particle experience interaction with the applied

field. Specific calculational examples are given to

demonstrate the formalism in computing a final result.

The nature of the applied field is examined in
its context as input to the nuclear calculation. The
electromagnetic field experienced by a nucleus is a
superposition of the externally applied field and the
internal fields in the medium contributed by the atom
or solid in which the nucleus is embedded. As
expressed in terms of electromagnetic field potentials
(in Coulomb gauge), it is shown that it is the vector
potential which is unaffected by fields internal to
the medium, and it is the vector potential which is
effective in causing induced beta decay. The scalar
potential is strongly modified by-the internal fields,
but the scalar potential 1is of no significance to
induced beta decay.

B. Embodiments.

One example of an electromagnetic field source to
induce beta decay is a coaxial transmission 1line
operating in TEM (transverse electromagnetic) mode.
The fuel 1is incorporated as the dielectric medium
between the inner and outer conductors of the coaxial
line. The power transmitted along the line is dumped
into an absorptive load which is cooled by the same
coolant employed to remove energy from the fuel. The
electromagnetic field in the simplest TEM mode in a
coaxial transmission line has just the form presumed
in the theoretical treatment developed here. An

example of the application of this system is given.
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Another electromagnetic field source is a
resonant coaxial cavity. This is similar to the
coaxial transmission line, except that the 1line is
terminated by reflectors at a cavity length equal to
an integer number of half wavelengths of the cavity
field (in simplest TEM mode). Other cavity lengths
are possible, depending on the design of the input
circuit, and how the termination is loaded. An
example is given.

Many other field sources are possible. For
example, transmission lines other than coaxial can be
used, such as two-wire, four-wire, coaxial cage, strip
line, etc. Furthermore, even some very ordinary
circuit elements carrying alternating current will
possess in their vicinity electromagnetic'fields, a
fractional amplitude of which corresponds to the TEM
mode of a propagating plane wave as considered in the
theoretical development. For example, one can use the
fields 1in close proximity +to a long conducting
cylinder or to a solenoid. An in-between case with
certain advantages is a hollow conducting torus. 1In
these cases, the fuel is placed in those regions near
the conductors where the field configuration and
intensity are most advantageous. This would be, for
example, in a cylinder —coaxial with the long
conducting cylinder, or a torus enveloping the hollow
conducting torus.
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Particular embodiments of a method and apparatus
in accordance with this invention will now be discussed
and described with reference to the accompanying drawings;
in which}—

Figure 1 is a diagrammatic representation of a
laboratory experiment carried out to verify the
theory of the present invention;

Figure 2 is a diagram of a first embodiment of
an apparatus including a coaxial transmission line;
and,

Figure 3 is a diagram of a second embodiment of
and apparatus including a coaxial resonant cavity.
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III. DETAILED DESCRIPTION OF
THE INVENTION

A. Theory.
1. Introduction.

To ascertain the effect of an externally applied
electromagnetic field on the internal coordinates of a
nucleus, the nucleus is considered to consist of two
parts: a "core" and a "fragment." The core is a
stable sub-nucleus of zero total angular momentum; and
the fragment contains the nucleon (or nucleons) which
is a candidate for beta decay, plus any other nucleons
which are angular momentum coupled to it in initial or
final states. The equation of motion is then
separated into center-of-mass (CM) and relative
coordinate equations giving, respectively, the
dynamical equations for the motion of the center of
mass of the entire nucleus and the relative motion of
the fragment with respect to the core. It is this
latter equation which must be solved.

The theory of induced beta decay involves a
coupling of the nuclear fragment both to the external
electromagnetic field and to the weak (beta decay)
interaction. The coupling constant of the weak
interaction is very small. On the other hand, the
coupling constant to the electromagnetic field is very
much larger, particularly in view of the relatively
large intensity of the applied field. Furthermore,
the field can be regarded as being on for a time
approaching infinity before and after the beta decay
occurs. Therefore, the weak interaction is treated as
a perturbation which caﬁses a transition of the

nucleus-plus-field system from one state to another.
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The combined nuclear-electromagnetic field system is
explicitly time dependent, so the standard derivation
of the perturbation formalism of beta decay (based on
stationary nuclear states) is not appropriate.
However, a derivation which is applicable in the
presence of explicit time dependence gives a result
which has the standard form.

The perturbation theory just described requires a
knowledge of the state vector for the nuclear fragment
in the presence of the field. The interacting nuclear
wave function employed is the momentum translation
approximation.

The electron emitted in the beta decay does not
appear until the decay has occurred, and so its
interaction with the field might be thought to be of
little consequence. However, +the field intensity
parameter associated with induced beta decay is so
large (and the mass of the electron sufficiently
small) that the onset of effective interaction of the
electron with the field occurs on a shorter time scale
than the Heisenberg uncertainty time of the beta decay
interaction. The onset of field-electron interaction
is also much faster than the transit time of the newly
created beta particle across the nucleus. The
electron is therefore represented by a Volkov wave
function, which is an exact solution for a free
charged particle in the presence of an electromagnetic
field.

A general expression ~ for the transition
probability for induced beta decay contains matrix
elements for Fermi and Gamow-Teller transitions which
are generalizaﬁions of those which occur in ordinary
beta decay. Coupling of the electromagnetic field to
the beta particle causes the transition probability to

split into three parts corresponding to: direct
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interaction of the field with the electron charge,
interaction of the field with the spin of the
electron, and an interference between the direct and
spin terms. For the field intensities of interest
here, the direct term and the spin terms are of
approximately equal importance for the more energetic
beta decays, although the direct term dominates for
low energy decays.

The final form for the transition probability per
unit time, or equivalently, for +the halflife for
induced beta decay, 1is written for any order of
forbiddenness which is to be overcome by the inducing
field, and for any number of nucleons in the fragment.
Results for several fuel nuclei are given.

All of the above theory 1is predicated on a
particular form for the applied electromagnetic field,
and a relatively 1large intensity is found to be
required. Possible sources of such a field are

considered.

2. Separation of Variables.

In the cases of interest here, one can consider
the initial nucleus to consist of a stable, relatively
tightly-bound "core," plus a "fragment" of one or
several nucleons outside the core. This fragment
contains the nucleon which is a candidate for beta
decay, plus any other nucleons which couple with it to
provide the observed total angular momentum and parity
of the nucleus. The "core" will always be such as to
have spin and parity o*. For example, consider 90Sr,
which has 38 protons, 52 neutrons, and a total spin of
zero and positive intrinsic parity U%Z = O+). The

S

core nucleus can be considered to be r, which has
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50 neutrons, J' = O+, and is the principal stable

isotope of strontium. 885r is particularly stable
since the neutron number of 50 is & magic number, and

the proton number of 38 corresponds to completed p

3/2
5 and f5/2 shells beyond the magic number of 28.23/ The
"fragment" constituents of two neutrons in 90Sr

outside the 888r core are both d5/2 neutrons, coupled
together to give an overall O+ state. One of these
two neutrons will decay to a p1/2 proton, which will

10 couple with the remaining d5/2 neutron to form a 2
state in the daughter 90¥ nucleus.

A table of such separations into core and
fragment will be given below for all of the nuclides
of interest here.

15 When the Schrodinger equation is separated in
terms of the CM coordinate R and the relative
coordinate r of the fragment with respect to the CH,

the result is 24/

1oy ¥y = [e rib(ﬁ,f)*g';;,t(‘ 17x "etK‘”)ZJ YR (1)

. ~ - e e P 2 .
i34 =[EeBt) +5n iV ~TAW V] ¥r ,

20 where m, and e, are the total mass and total charge

meEm+m, p €+ E € +E) (3)

and m_ and e are the reduced mass and reduced charge
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The subscripts 1 and 2 refer to fragment and core,
respectively. The so-called "natural" units H=c=1)
are employed here.

The implication of the reduced charge expression,
Eg. (4), is that the fragment behaves as if it has a
positive charge when there is a preponderance of
protons in the fragment, a negative charge when
neutrons predominate, and a near-zero charge when
equal numbers of protons and neutrons exist in the

nuclear fragment.
3. S-Matrix Formalism.

When the beta decay transition probability is
induced by an applied electromagnetic field, it is
appropriate to view the asymptotic states as states
which contain the full influence of the applied field,
and the transition-causing "perturbation" will be the
beta decay interaction. This means that the
asymptotic states are explicitly time dependent, and
not the stationary states normally employed. This is
not a "textbook" situation, but a derivation of the
appropriate S-matrix element (or transition amplitude)
gives the result

Sei =iz [fd % [F 7 (- k75 ] 5

[geylu-75)vw],

This has precisely the appearance of the standard
result, except that here it must be remembered that

the nuclear and lepton;c states are states containing
the full effects of the applied electromagnetic field.
In Eg. (5), H’i and Y g are the initial and final
nuclear states, v ina v ) are the electron and

neutrino states, all in the presence of the applied
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field; G is the weak interaction coupling constant;
K is the ratio of axial vector to vector couplings for
nuclear beta decay; and the Yu ' Ys are Dirac

matrices.
4., Interacting Nuclear States.

The calculational procedure developed above for
induced beta emission is to substitute wave functions
including the effects of the applied electromagnetic
field. The formalism is otherwise the standard beta
decay calculation. The nuclear wave function to be
used must represent the effects of the applied field
to an order of interaction which is at least as large
as the order of forbiddenness of the natural beta
decay. It must also be wvalid-: in the presence of
electromagnetic fields of such intensity that the
convergence of conventional perturbation theory is
suspect. A technique ideally suited to the present
problem is the momentum translation approximationél.

The momentum translation expression for the
nuclear wave function in interaction with the

electromagnetic field is
-> > > >
¥Y(r,t) = EXP(ieA'r) ®(r,t) r (6)
+ -
where & (r,t) is the nuclear wave function with no
electromagnetic field. Validity conditions for the
approximation in Eqg. (6) areél'

eaR w/E << 1 , (7)

wR << 1 , (8)
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where a is the amplitude of 'R, RO is the nuclear
radius, w is the energy of a photon of the applied
field, and E is the total nuclear transition energy.
It will become evident later that eaRo must be of
order unity, and w/E will be many orders of magnitude
less than unity. Equation (7) is thus easily
satisfied. Equation (8) states essentially that the
ratio of the nuclear radius to the wavelength of the
applied field is very small, which is amply satisfied
for all fields of possible interest. One further
condition for applicability of  the momentum
translation approximation is +that no intermediate
nuclear states are accessible through interaction with
a small number of applied-field photons. This is
certainly not possible here. Hence, Egq. (6) is an
excellent approximation to employ’ here.

With the standard product solution for the

noninteracting wave function

F(Ft) = ¢ et

the initial nuclear wave function in the presence of
the field is, from Eq. (6),

TEy - EAT o SIEE

and the final nuclear wave function to be used is

4

0= e T g B 0

The reduced charges, e, and éf are the appropriate
forms of Eg. (4); and d}i(;), wf(§) are stationary

state nuclear wave functions with no field present.
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5. Interacting Lepton States.

The leptons emitted in B ~ decay are an electron
and an antineutrinogi/. The antineutrino is
uncharged, and possesses no coupling to the

electromagnetic field. The antineutrino is therefore
described by an ordinary free-particle wave function.
The emitted antineutrino is treated as a neutrino in

the initial state with reversed four-momentum, iji.e.,

.' -k .x
7} LR ) tKa)
¢ 2E,,V Y (Kgy, Sm) € o (11)

In Eq. (11), k(v) is the four-momentum with time part

(v)
E(v), u

is a spinor, S(y) is the spin parameter,
and V is the normalization volume. The scalar product
indicated in the exponential is a four-vector product
> ->

Kyt X =Ry Ry T Byt o Kyt X
The electron emitted in beta decay is a charged
particle whose coupling to the electromagnetic field
is very significant when the field intensity is high.
In ordinary beta decay theory, the electron is treated
as a free particle, although Coulomb corrections are
sometimes introduced. In the present situation, the
free particle electron solution is replaced by the
Volkov solutiongﬁ/, which is an exact wave function
for a free, charged particle in the presence of a
plane wave electromagnetic field. The circumstances
which the Volkov solution are to describe are that the
electron suddenly appears at some time (say t = 0) in
an electromagnetic field which has been on for a long
time prior to the creation of the electron. It is
thus apprcopriate to consider +the field to be
monochromatic. The electromagnetic field is specified

as

Au = asu cos(k+x + p) (12)
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where P is a phase shift reflecting the fact that the
beta decay cannot be expected to occur in phase with
the field. The polarization four vector e¥ in Eq.
(12) has the scalar invariant €2 = -1. The required

solution is

A -,/E—Z‘V exp {-if_Pé-xﬁnk-x-»gsin(k-x?)i—énsin&(k-mp)

' e (@)
-gsinp - sin2pl} (1-gg g KAYUTPese) o

with the definitions

e2qg?
4peK (14)

§E~eo%€

Fe-K K

e

(The minus sign is introduced in the definition of
L to account for the fact that a gauge with €° =0 will

>
be used, in which case P.'€ = —pe-e).
6. Transition Probability per Unit Time.

The wave functions given in Egs. (9), (10), (11),
and (13) give the input necessary to apply the
S-matrix of Eg. (5). Standard procedures of gquantum
mechanics are then employed to arrive at a transition
probability per unit time for induced beta decay. The
final result divides naturally into three separate
parts which can be identified as a direct term, a spin
term, ’and an interference term. This comes about
because the Volkov solution, Eg. (13), contains the
factor 1 - eKA/(Zpe'k). The first term in this factor
occurs in the corresponding solution for a spinless
particle, whereas the second term 1is associated
directly with the half-integral spin of the electron.

When the square of the S-matrix is formed, these two
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terms lead to three terms in the transition
probability, one of which arises as an interference
term between the direct and spin terms.

The results are quite complex in form, in
general, but an important simplification <can be
introduced, based on the relative magnitudes of two
intensity parameters which occur. One intensity
parameter can be associated with the interaction of
the nuclear particles with the electromagnetic field.

It is given by
z = (eaRO)2 .y (15)

where a is the amplitude of the vector potential of
the field as given in Eq. (12), and R is the nuclear
radius. This quantity is +typical of intensity

parameters which arise in bound-state intense-field
27,28/

problems. The other intensity parameter is

associated with the interaction of free electrons with

the electromagnetic field.21ig§/ It is
e?a?
Zf = 2m2 ) . (16)
The two parameters are related by
1 ~ 3
A , 2 = (3 x 10°)z . (17)

£ ZT@mR)
A(mRo)

Of these parameters, it is the z of Eg. (15) which
plays the more important role in the interchange of
angular momentum and parity between the beta-decay
system and the field. Although the specific value of
z for which optimum conditions for induced beta decay
to occur depends upon the particular beta decay, it is
generally true that this optimum z is roughly of order
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unity. Then, however, Eg. (17) shows that Zg will be

large. This justifies the use of asymptotic
approximations for certain generalized Bessel
functionszz/ which appear in the present theory, as

they do in all relativistic intense-field theories
involving charged particles with spin. "These
asymptotic approximations make possible a relatively
simple final form for the transition probability per
unit time.

When Zg >>1, as discussed above, the transition

probability per unit time, W, is of the form

_ G*m® 2
W= 273 find lMindl ’ (18)
where :
find = fl + f2 + f3 (19)

is a spectral integral consisting of three parts
arising from the direct, spin, and interaction terms;

and where the squared nuclear matrix element is

. 2
IM; .4 !2 "'q?l(?z‘;)vz {-!(os z'"2 éocos 6)!;i +sin (Z'/zéCOSQ)‘ﬁ

- . - (2 (20)
«»\12[::05(z""-igacose)cﬂii + H?|sin (272 écoseﬁlﬁ-] :

The form (18) corresponds to- the standard form for
allowed beta decay, where

GZm?> 2
WO= a‘n'3 -FOlMOl 7




10

15

40 0099946

with

- 2
IMgl? = UIS + K18l

and, when Coulomb corrections are neglected, as they

are in the present work, the spectral integral is

6 .

o / -
f"(m:/. dEeholEnte) ; ho(Eqfe) = Ea(E2-1)2 (£ Ea) .

The separate spectral integrals in Eq. (19) have a
fairly complicated form because of an assumption made
in their derivation. In the complex pattern of
absorptions and emissions of external intense-field
energy by the nuclear system, it is presumed that no
net energy can be extracted from the external field.
This is conservative in that it amounts to neglecting
part of the transition probability. The direct, spin,

and interference spectral integrals so derived are

&
£ (€5) =f‘ °dEe h (&0 Ee) ,

where h1 (ao, se) is the spectral function

’ 2,172
i o3 (Gq.Pé.)l/Z_qul (T+pg) [@el Vo232
by (Ea, €0 = 5 o In( oo be) s === 6o~ o)

S 2y .
+lOc(c+pe_2)+ISc52] —Z%E—C(BP: +30aps +450°) ;

3
£, (&) f‘ °dE. hy(E,, €a),
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where the spectral function 1is

4 2,472
4 © (Trpa®) "Figely 8 1 7/2 8
z(folfe)” 51 8—\‘.:5 ln ( Pe 05/7_ )+\05 '“SDPC"GW%) -Pe}

5&3 (g+ SPC) 4

and

: &
f3(€)= [ “dEe hylEo,Ee)
involving the spectral function

((S+Pe +1Pe‘

1Pal (T + P 13
)45&Qf3(*m&@

l36 opc )+izeﬁi—3( o +-~crp,e pg)

In these expressions, € e is a dimensionless electron
energy, €, is a dimensionless nuclear energy change,

and pe is a dimensionless electron momentum defined
by

F_P_:Ee{m, Eo= Eo/m B Pe = Pe/m,

£° The last definition required is

z 2E.(Eg-Ce) -
7. Nuclear Parameters.

7 Table 1 gives the information required to apply
the foregoing formalism to computation of nuclear
matrix elements involved in induced beta decay. The
first seven nuclides listed are materials found in
Nature, and the last two are the principal fission
fragment waste products. Nuclear spin and parity
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assignments are from "Nuclear Data Sheets" (except for
40K, which is from P. M. Endt and C. Van der Leun,
Nucl. Phys. A310, 1 (1978)). Angular momentum

assignments for nucleons in the "fragments" are

standard shell model assignments.zg/ The reduced

charge for the fragment comes from Eqg. (4).

A few examples of how fragment assignments are

made are given here. For example, 113Cd6§l has a
single nucleon fragment. The core nucleus, i§Cd64,

is a stable nuclide in Nature with spin and parity of
O+. By the usual single particle model, this means
that this "even-even" nuclide has the spins of all of
its protons and of all of its neutrons anti-aligned in
pairs to give pairwise and overall =zero angular
113¢4 has a shell model

assignment of S1/27 which should then determine the

momentum. The odd neutron in

entire nuclear spin and parity to be %+, which is the

case. Upon beta decay, the unpaired neutron

S

1/2

becomes an unpaired g9/2 proton, which then

contributes the entire observed > spin and parity of
113

the final 491n64 nucleus.

An example of a two nucleon fragment is provided
by ggSr52. The core nucleus, §§Sr50, is the principal
stable isotope of strontium. In particular, N=50 is a
"magic number"gi/ for the neutron shell in 888r, and
Z=38 represents the closure of an f5/2 shell for the
protons, so 888r is a clear case of a stable,
relatively +tightly bound core nucleus. The two
neutrons in 90Sr beyond the magic number of N=50 then
constitute the fragment, one of whose two neutrons

will undergo beta decay. They must be
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considered as a pair because initially they are
angular momentum coupled to O+, and it is impossible
to say which of the two will decay. Finally, the

remaining d5/2 neutron will cSuple to the newly fggmed
Pq/2 proton to give the 2 state of the 39 Yoq
daughter nucleus.

g;RbSO is an example of a nuclide where the
fragment must consist of three nucleons. The odd
proton in 87Rb must be part of the fragment because

initially this P3/2 particle accounts for the entire

87Rb spin and parity of §- .. The beta decay itself

involves a neutron, not the odd proton, and since the
beta decay neutron is initially paired with another to
give O+, then both of these neutrorns must also be
assigned to the fragment. In the final state, the
99/2 neutroz_which beta decays to a P3/2 proton will
couple to O with the initial odd proton, while the
remaining 99/2 neutron finds itselfgrnpaired in the
final state, and so accounts for the = spin and
parity of the 87Sr daughter nucleus. 2

The state assignments shown in the ‘table for
137C 7+

s has a =
11~ 2

ground state, with an L=1 decay to an —— state and an

L=2 decay to a 3% state of the daughter 137Ba nucleus.

137Cs require a special comment.

The contrast between the spins and parities of these
states suggests something unusual. 137Ba has 81
neutrons and 137Cs has 82 neutrons--a magic number.
The last two neutron shells to be filled before the
magic number is reached are the d3/2 and h11/2 shells.
Between neutron numbers 67 and 79, there is

alternation in the filling of these two levels. It

can be 1inferred, therefore, that when 137Cs beta

decays to the %* level of 137
in 137Cs which experiences the beta decay, leaving an
unpaired d3/2 neutron in 137Ba to contribute the J=§

Ba, 1t is a d3/2 neutron
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angular momentum of the final nucleus; and in decay to

the 11 level of 137Ba, it is an h11/2 neutron in

137Cs which experiences the decay, leaving an unpaired

h11/2 neutron to account for the J=%% final state.
8. Nuclear Matrix Elements.
a. Form of the Nuclear Matrix Element

Total transition probability per unit time is
given in Eq. (18). It contains the squared transition
matrix element lMindiz’ defined in Eq. (20). This
will now be examined in more detail.

Equation (20) is expressed as the sum of four
terms. The first pair of terms arises from the vector
part of the beta decay interactioh, and corresponds to
the usual Fermi matrix element of beta decay theory.
The second pair of terms (the ones containing the
Pauli spin operators 3) comes from the axial vector
part of the beta decay interaction, and corresponds to
the usual Gamow~Teller matrix element of beta decay
theory. However, a simplification can be introduced
from isospin considerations, which have not been
placed in evidence in the above work. For Fermi
matrix elements, the isospin conservation rule
is AT= 30’31/, where T is the total isospin guantum
number. Since this condition is not satisfied for any
of the transitions considered here, only the
Gamow-Teller matrix elements will be retained. That
is, Eq. (20) is now replaced by

2
2 K v2 X = |2
lMind] = —————74n_ @z > [‘COS(Z ROCOSG)G I'Fi + (21)

lsin (z”zfgowse)?" ]]zci] :

The terms in the square bracket in Eq. (21) are
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squared nuclear transition matrix elements, with the £
and 1 subscripts referring to final and initial
nuclear states. The coordinate r which occurs in the
matrix elements refers to the position vector ; of the
nuclear fragment with respect to the nuclear core. 1In
practical calculation of the nuclear matrix elements,
one needs the coordinates of the separate nucleons
contained in the fragment. The vector T gives the
location of the CM of the fragment. Since each
nucleon in the fragment can be taken to have the same
mass M, then the position vector of the jth nucleon in
the fragment (gj) is related to by

q
AMr = 2 Mt

where q 1is +the total number of nucleons in the
fragment. Since only one of these g nucleons will
undergo beta decay (say the jth one), then whenever

rcosf appears in the matrix element, the replacement

rcose. — a r~ CDSBJ
should be used, where Gj measures the angle between
;j and the polarization vector of the applied field.

Equation (21) can be stated in more detail as

H} cos . Sm
IMiqg!” “aw(2zpv> UM | ‘ ), (22)
where
2cos _ Y zV2 -
Me; (2j-‘+1) Z% (ﬂ(f, COS(‘E,‘ uj Cos9;) G WL) (23)
— sin _

Me 7 Girl) +l) ZZ (¥, .sm(a‘ Uj cos8)S W) . (24
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In Egs. (23) and (24), uj is the dimensionless radial

coordinate
u. = r./R :
J J/ o

ji is the total angular momentum of the initial state,

so that (2ji+l)_1 times the sum over m. is an average
over orientations of initial angular momentum; and the

sum over mg is a sum over orientations of the final

~angular momentum. In practice, only one of the two

terms in Eqg. (22) will be nonzero. When Wf and Wi
>
have the same parity, only Mficos will survive; and
> .
when they have opposite parity, only MfiSln will

survive.
b. Sample Results
The only example in Table 1 which has a

113¢a. With
independent-particle quantum number assignments as

single-nucleon fragment is

given in Table 1, and with harmonic oscillator

functions employed for the radial wave functions, Egs.
(23) and (22) lead to

2
2 _H
Mg “4m{2zg)% 32.5-7 €

-z/2 Z\2 .2
/ 24(P-§)(\“24).(25

Further reduction of Eq. (25) follows from the

experimentally determined value of K 32/

K =1.23 £0.01 , (26)

and the approximate relation between Zg and z.

1/2
2z /% = 2% mr_ % 8022 . (27)
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From Egs. (25) and (27), the intensity dependence of
113 ~2/2,7/2 (54_312 (g-2)2.

2 . .
Pindl for cd is given by e
This function has a broad maximum with a peak value at

z = 3,394 . (28)
max _

Low-intensity behavior is proportional to 27/2.

An example of a g=2 nucleus, which has the same

113Cd is 480a. Application of

the formalism to this case yields

I.=4 forbiddenness as

. Iz_.
“;Amd - o | (29)
K 13 -z/8 A2 s 4722 )
rEzyve e s € 2o\ teaaie /.

Equations (26) and (27) apply again to this result.
The low-intensity behavior of Eq.. (29) is proportional
7/2 - 113Cd and

to z , Just as in Eq. (25), since both
48Ca have L = 4. However, the intensity parameter

which maximizes Eq. (29) is

© Zpaw = 22.541 , (30)

which is a substantially greater intensity than the

113

maximum for Cd given in Eq. (28).

Another g = 2 example, but one which has L = 3,

is 4OK.' The squared induced transition matrix element

in this case 1is

2 2
2 __ K i -z/8,3(_ % ., 2 (31)
Mingl” = ar 272 2732572 € - 2 (132 *i7z8) -

which has a maximum at

2 ax = 18.647 . (32)
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One further example for which g = 2 is 90Sr,

which has L = 1. The calculation in this case leads
to a rather more complicated answer than the cases
above, and it is not ccnvenient to quote the result

5 entirely in terms of rational numbers, as done above.

The 90Sr calculation gives
2 _ K.z 27 -2/8
IMjpqgl QATF(ZZ.;)VZ' 32.5
Z - - (33)
z[1- 5+ (1679%15 922 -(7341¥10 WES
-7 10}, 6
+(1 711 %10°%) 24 - (1920%107)25 + (8.109#10 )z 1,
which reaches a maximum when
Z ax = 1.493 . (34)
10 Finally, a three-nucleon ffagment case will be
considered. The transition to the 11/2° final state
in the beta decay of 137Cs has g = 3 and L = 1. The
final result here is 2
lMindl =

2
A—,Frj{%z?)’ /2 (9.297¢10%)z e/ '8[1 = (870921092 +(2.923x 153z >

~(4.881% 1072 + (4496 %1024 - (2370% 10792 (35)

1(7.060 %16 226 - 1098210727+ (6900 210714z 8] .

15 which is maximized at

Zax - 3.355 . (36)
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9. Induced Halflife.

The halflife for beta decay is related to the

transition probability per unit time by
t = 1n2/W .

The analogue of Eq. (18) for allowed beta decay gives

£ = 8225 % 103
- f[m|? ’

(37)

in which the constant

273 1n2

GZmS5 = 6.25 x 103

is arrived at by using the known value for the beta
decay coupling constant, G. It is conventional in
beta decay work to express results in terms of "log
ft" wvalues. Equation (37) would lead to a log ft
expression

log £t = 3.80 - log(|M|?) .

However, in practice, the simple theoretical log ft
values for allowed beta decays are always smaller than
those found experimentally, except for a special group
of beta decays known as T"superallowed" decays.
Empirically, this <can be incorporated into the
theoretical expression by modifying the constants

shown above, so that, for nuclides of even mass number

log £t = 5.35 - log(|M|%) , (38)
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and for nuclides of odd maés numberég/

log ft = 5.18 - log(|M[?) . (39)

Log ft values do not represent the most convenient way
to express results for induced beta decays, so the
empirical constants expressed in Egs. (18) and (37)
will be converted into revised constants for a

halflife expression like Eq. (37) by using

lO5.35
t, = X (40)
a 2
i find IMindI
for even-A nuclides, and setting
. _ 105.18 i
ind = (41)

£. M, 2
ind I J_ndl
for odd-A nuclides.

Consider ;13

Cd as an example of the application
of the above formalism. Equation (25), when evaluated
at the intensity stated in Eq. (28), gives !Mind 2 _
3.08 x 10_5. The spectral integrals can be evaluated
from the knowledge that 113Cd has a beta-decay Q of.
297 keV, which leads to €, = 1.581 from €y = Eo/m =

1 + (Q/m). The spectral integrals give £, = 9.90 x
1072, £, = 3.09 x 1072, and £, = -0.64 x 1072, The
negative wvalue for f3 means that interference between
direct and spin terms is a partially destructive
interference.- The total induced spectral integral is

£ = 0.124 .

ind

This wvalue, when substituted in Eg. (41) with the

above result for IM.ndlz, gives

1

_ 3
tind = 1.26 x 10~ years
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for 113Cd. This is to be compared with the natural
decay halflife of 9.3 x 1015 years.
For 48Ca, Egs. (29) and (30) give ,Mlndl = 3.68
-5

x 10 ~. The Q value for the 0 to 5 +transition is

5 150 kev, so €, = 1.294. Then the spectral integral
results are fl = 5.68 x 10—3, f2 = 0.98 x 10-3, f3
~0.20 x 1077, for a total f, . = 6.46 x 107°>. When

Eg. (40) is employed, the induced halflife is

_ 4
tind = 2.99 x 10~ years.
40 _ -7
10 The ~"K case gives !Mlnd] = 5.32x10° ' from Egs.
(31) and (32), and fl = 81.3, f2 - 68.6, f3 = -13.9,
find = 136.2, leading to
tind = 98.0 years .
In the case of 90Sr, the calculation 1leads to
15 |Mind|2 = 3.50x107%, £, = 1.40, £, = 0.70, £, = -0.14,
and f. = 1.96. The induced halflife
ind
tind = 10.4 years ,

when combined with the natural halflife of 28.6 years,
gives an overall halflife in both natural and induced
20 channels of 7.62 years.
Results for 137Cs are: IMlnd|2 = 1.57 x 10-5
from Egs. (35) and (36); Q = 512 keV, or eo = 2,001
for the transition to the 11/2 state; fl = 1.05, f2 =
0.50, f3 = -0.10, find = 1.45; and

25 tind = 210 years .

In this L = 1 case, the result is actually an induced

halflife decay channel that is slower than the natural
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decay. However, under optimum induced field
conditions, the L = 2 transition to the 3/2+ final
state would be the dominant transition.

Power density in an induced beta decay fuel can

be expressed as

Power density = EW.lnd o, (42)
where E is the decay energy involved in the beta decay
of a single nucleus, W, g is the +total induced
transition probability as found from Eg. (18), and
P is the number of active nuclei per unit volume. If

E is expressed in MeV, W, in sec_l, p in nuclei per

ind
cubic meter, and power density in watts per cubic

meter, then Eq. (42) becomes

Powér density(W/m3) =
(l.6x10-13)E(MeV)Wind(sec_l)p(m_3). (43)

This expression can be used. inversely to £ind the
density of active nuclei needed to achieve a given
power density. For example, assuming the lower limit
of power density of practical interest is of the order
of 10 watts per m3, Eg. (43) leads to a minimum

density of active nuclei of the order of 1014/EW

ind®
10. Strength of the Electromagnetic Interaction.

From Eg. (18) and the results obtained for the
squared matrix element, it is seen that the overall
transition probability for induced beta decay at low
field intensity is of the form

L

-1
Wind =Cz " 5 , (44)
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where C depends on properties of the nucleus, and all
field dependence is contained in the zL_EZfactor. One
might expect to find a dependence on zL in Eg. (44)
rather than zL—%, since the proéess being described is
an Lth order interaction with the electromagnetic
field. The loss of half a power in z comes from the
asymptotic forms for the generalized Bessel functions.
Physically, the loss in z dependence arises from the
emitted electron. The interaction of the relatively
light beta particle with the very intense field is so
severe that very rapid oscillations in the phase of
the electron occur, causing a reduction in the beta
decay transition amplitude. Equation (22) shows that
contributions arising from an Lth order interaction of

1/2’ a

the nucleus with the field is diminished by Ze
free electron interaction parameter coming from the
beta particle.

The parameter z has been spoken of as a field
intensity parameter; but, as is evident from Eq. (44),
it is identified also as the coupling strength of the
field-nucleus interaction. An alternative way to

write z is as
— 2 '
zZ = 4paoARo . (45)

In Eq. (45), o g is the fine structure constant, which
is conventionally taken in quantum electrodynamics to
be the measure of the strength of coupling between the
electromagnetic field and an elementarv particle of
charge e. However, the electromagnetic field is a
Bose field, and the more photons there are in a given
mode of the field, the more the interaction
probability involving that mode is increased. This
enhancement is measured by the photon densityv p. The

factors AROZ in Eqg. (45) define an effective
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interaction volume, so that pARO2 is a measure of the
number of photons which are in interaction with the
charged nuclear system. The interaction volume can be
viewed as a box whose cross-sectional area is defined
by the area of the nucleus, and whose length is the
wavelength of the field.

The intensityrparameter z as defined in Eq. (15)
appears superficially to be dependent on the choice of
gauge for the electromagnetic field. It is, in fact,
gauge-invariant = in any relativistically—stated
"simple" gauge.zi/

A way to avoid possible confusion about gauge
invariance of z is to express it directly in physical
quantities. One way 1is to write the intensity
parameter for the plane wave in terms of the electric
field as ]

2., 2_2,2
z = e EO RO /w ’ (46)

or in terms of the magnetic induction as

_2_.2_.2, 2
z = e"B_ "R, /w e, s (47)

where EO and BO are the amplitudes of the E and ;
fields and €. is the dielectric constant of the
material in which the wave propagates. When ¥ and c
factors are inserted where appropriate, E and g-are
given in Mks units (as volts per meter and teslas,
respectively), the frequency V(w=21Tv) is given in
Hertz, and R  is taken to be 5x10 12 meters, then we
can express the intensity parameter z as

z = 1.362 Eoz/v2 = (1.224X1017)B02/V28r . (48)
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Equation (48) can be used inversely to find field
parameters necessary to achieve a given intensity
parameter. For example, assuming the lowest 2z of
practical interest is of the order of 10_3, then the
magnetic induction needed to achieve this at the
frequency v is of the order of

& -10
Bo/ver > 10

where BO is in teslas and Vv is in Hz.

The intensity parameter z must be roughly of the
order of unity for induced beta decay to be important.
A value for the intensity parameter of the order of
unity is difficult to achieve. Some possibilities
will be reviewed here. First, the energy flux of the
applied field will be expressed in terms of z. If the
energy flux 1s stated in units of watts per square
centimeter (W/cmz), and all other quantities are in
Gaussian units, the connection is

-7 1
energy flux (W/cm®)=P=10 = 7 = Kxgcz .
) ' o]

The factor 10-7 is for conversion from ergs to joules.
The factor Hw c/ARO2 is the energy flux associated
with the passage of a single photon through the
interaction volume, and the factor z/ocO converts this
into the overall energy flux. If z is set to unity,
and RO is replaced approximately by Xb/80, then the
applied field must supply

2

13y/42,

P (8.8 x 10

where A is in centimeters and P in W/cmz. A central
fact is the inverse square dependence on wavelength,

strongly favoring long wavelength sources, other
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things being equal. "Other things," however, are not
equal, since the technological capability for
p;oducing large radiated power is very non-uniform
across the electromagnetic spectrum. Some
representative values of P are given here for certain

well developed sources.

Wavelength(Cm) Type of Radiation P(for z = 1), W/Cm2
1.06 x 10°%  NAd - glass laser 8 x 102!
1.06 x 10"3 co, laser 8 x 1019
3 Microwave. 1013
3 x 102 vHF 107
3 x 10°  RF 10°

The energy fluxes listed above are very large.
The figure given for the Nd-glass laser 1is beyond
present capabilities. The CO2 laser might reach the
required intensity, but only in a very small volume
with a short pulse. The energy input would greatly
exceed output. The microwave requirement is also
unreasonably large, even in a high-Q cavity. At long
wavelengths, however, practical systems become

possible.

11. Field Potentials at the Nucleus.

When a nucleus is incorporated in a solid, the
applied electric field at the position of a nucleus
will largely be cancelled by counter-~fields generated
within the solid of which the nucleus is a part. The
applied magnetic field will be essentially unaffected.
It is very impdrtant to note that the internal fields
which accomplish cancellation of the applied electric

field are entirely quasistatic (i.e., oscillating
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Coulombic fields with negligible radiation component),
so that, in Coulomb gauge, they are describable by an
oscillating scalar potential. The internal fields do
not contribute to the vector potential. (Again, this

5 statement applies to Coulomb gauge.) These statements
are explicated by

Eint = -Eext = VQex * Ot Aext
Eint = -V int .

. >
When these two expressions for Eint are equated, and

an integration performed, then

10 Pint = ~ Pext “fat;’x’ -dr -

ES -> <>
where A without subscript is Aext since Aint can be

ignored. The +total potential experienced by the

nucleus is the sum of internal and external fields, so

2 Sy A dr
tot = Pint T Pext T T/ RTdr
(49)
> - >
Brot = Pext B -
15 The next question concerns the algebraic form of
A, Consider the specific example of a coaxial

transmission line given below. The E and B fields of

Egs. (55) &and (56) are associated with the vector
potential in Coulomb gauge given by

20 A= —p Easinlmt—kz) . (50)
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The p,z coordinates which appear in Eq. (50) are
macroscopic coordinates. The integral which appears
in Eq. (49) is over nuclear, or microscopic
coordinates. Hence, the p, 2z coordinates in Eg. (50)
can certainly be taken to be constant numbers as far
as any nuclear motions are concerned. Therefore, in
an equation of motion 1like Egq. (2), Eg. (50) can be
expressed simply as X(;,t) = ;-cosmt, where g is a
constant amplitude vector, the trigonometric phase has
been shifted, and the long-wavelength approximation is
employed. | ,

A scalar potential in the form of Eg. (49) leads
to a scalar interaction +term in the «relative
coordinate equation for the nucleus (Eq. (2)) of the
form V = —éati-i. Such a scalar interaction term is
of no consequence for induced ‘beta decay. To show
this in simple fashion, consider a time-dependent
perturbation theory matrix element between an initial
state and some intermediate state. After the time
integration is done, a scalar potential of this type
gives the result

G d

e .
v, =5

=+

=<

et

-

where a 1is the vector amplitude of the trigonometric
-> >

term in A. By contrast, the vector potential A,

-
through the perturbing term -A- (iV) gives the result

(v e T w ) E-Ej )
VA 1 IVE-Ej-~w
Since |E-E;| is a nuclear energy difference, and w is
the energy of a single rf photon, the scalar potential

contribution is totally negligible as compared to the
vector potential.



10

15

20

25

30

60 0099946

B. Laboratory Test of the Theory.
1. Experimental Apparatus

To subject the foregoing to experimental test, a
field source based on a low-frequency standing wave in
a resonant coaxial cavity was employed. The field in
the cavity can be regarded as the superposition of two
plane waves of equal amplitude traveling in opposite
directions. Because the transverse dimensions of the
coaxial 1line are very small as compared to a
wavelength, only the TEM (transverse electromagnetic)
or plane-wave-like mode can exist. The coaxial cavity
had an air dielectric, with physically very small
radioactive sources attached to the central conductor
at a location where the fields ar€ such that]E]- c[B]
The cavity was operated as a three-quarter-wavelength
stub 11, off a coaxial transmission line 2 as shown
schematically in Fig. la. The power supply 4, was a
4.1 MHz radio transmitter sending an unmodulated 40 kW
signal down the transmisSioﬂ line into a water-cooled
non-reflecting resistive load 3.

-
Two sourceslO were emplaced at the [EI c|B| point

in the cavity, shown by the arrow in Fig. la. One

source was approximately 15 ucCi of 137Cs, and the

other was about 100 uCi of 7Be. The 137Cs is the
"active" source whose first forbidden beta decays to
the first excited state of 137Ba give rise to
661.64 keV gamma rays. It is this source which should
show the effects of the electromagnetic field. 7Be is
a "normalizing" source whose electron capture
transition to 77Li is superallowed, and thus is
expected to show little or no effects from the applied
field. A 477.57 keV gamma ray is emitted following

electron capture. All measurements of Cs counts were
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normalized with respect to Be counts as a way of
eliminating spurious non-field-induced influences on
the Cs count rate. Both sources consisted of 1 mm
diameter pellets of ion exchange resin containing
salts of the radioactive materials. They were
attached to the central conductor with teflon tape,
over which was shrunk a teflon tube. The entire
arrangement of sources and attaching materials was
electrically nonconducting.

Radiocactive decay of the sources was monitored by
detection of the gamma rays emitted following the
decay. These gamma rays easily'penetrate the outer
conductor of the coaxial cavity, and were detected by
a Ge(Li) (1lithium-drifted germanium) crystal outside
the cavity. As a way of increasing field intensity at
the location of the sources, they were emplaced in a
specially constructed test section of very small
diameter. In the test section, the inner conductor
diameter was 6 mm, and the outer conductor diameter
was 14 mm. The test section and detection crystal
were both encased in a special low-radiation
background shield. Output from the detector was
processed by a 8192 channel analyzer, which provided
background subtraction routines to permit
determination of the net gamma-ray count from each of
the two sources. A schematic diagram of the nuclear
detection apparatus is given in Fig. 1b, which shows
the sources 11, attached to the inner conductor 2, of
the coaxial line. The gamma ray detection crystall3,
is located outside the outer conductor 14 of the

coaxial line 11.
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2. Form of the Data

The experiment was conducted by alternating equal
periods of time with the rf power on and with the
power off. Each power-on and power-off part of the
cycle was divided into four equal periods of length
determined by presetting "live time" on the
multichannel analyzer to 135 seconds. This

corresponded to about 2.5 minutes 0of clock time. The

reason for this choice is that the 137Cs decay leads

to an isomeric state in 137Ba which has a 2.55 minute
halflife for decay to the ground state. There is no

corresponding delay in emission of the gamma ray

137

following 7Be decay. The isomerism in Ba gives a

characteristic buildup and decay pattern to the Cs/Be
count ratios through the succegssive power-on and
power—off cvcles.

The desired result to be obtained from the

experiments is a knowledge of the change in beta decay
transition probability in 137Cs caused by the field.
The experiment measures the gamma rays emitted from

137Ba as a consequence of beta decay from l37Cs. With

the terminology that state a 1is the initial 137Cs

state, state b is the first excited state in 137Ba,

and state ¢ is the ground state of 137B

a, then a
solution of the differential equation for the

population of state b as a function of time is

e, W -W.t -W,t
Ny () = N (Wb'?Na)e ot +pe >,

where Nao is the initial population of state a, Wa is
the transition probability for +the beta decay from
state a to state b, Wb is the transition probability
for the gamma transition from state b to state c, and
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B is an integration constant determined by initial
conditions. When the field is +turned on, the
transition probability for a®* b is modified from W, to
Q

where A is the incremental transition probability
caused by the field. The experiment is conducted by
alternating power-off and power-on cycles of duration
T. For each of these cycles, the integration constant
B is evaluated anew by taking the final condition from
each cycle as the initial condition for the following
cycle. After a number of such cycles, the results are
expressible as

' -w t
_ oo ! -Wet e b
PN = Ny [ %+ g, |

1 -1t _ePht
N, (1) =N;W—b(ﬂe - AW)] ,

where + refers to power-off cycles and 4 refers to
power-on cycles. In these results, the inequality
Wb>>Wa is used, and the origin of time t starts anew
at every switch between on and off cycles.

The rate of gamma-ray emission is
T(t) = N (8)W,

so the number of gamma-ray emissions in +time T is
i) Oldt I'(t). This is measured experimentally. When
emission rates are identified as coming from power-on

or power-off cycles by up or down arrows as above,
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then the quantity

_ fTatdrw - [latirw
 [Taterw + [0

(51)

can be determined directly from the experiment. 1In
terms of o (measured in the experiment), and the

quantity

| |- e Vol )
c T

TW T\ 1+e W (52)
which is fixed by experimental conditions, then the
relative change in beta decay transition probability

is given by

A 2o
w,  l-2c-« (53)

In actual application of these results to analysis of
the experiment, each of the quantities

fattly  ,  faprw

in Egq. (51) is divided by a decay-corrected count of
gamma emissions from 7Be decay within the same on and
off cycles as the 137Cs counts. When corrected for
the 53.29-day halflife of 7Be, these 7Be counts are
time-independent, and so do not affect the analysis

leading up to Eqgq. (53).

3. Experimental Results

The excited-state decay in 137Ba occurs with

known transition probability. When this is combined
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with the measured value
T = 0.1748 hours
for each complete on-cycle or off-cycle, then

W, T = 2.8487 ,

which yields, from Eq. (52)
c = 0.3126. .

The outcome of 200 separate, successive, complete
cycles with power off followed by power on, as
analyzed in accordance with Egq. (53), gave the final
result

SF>

- (9.17 % 4.12) x 10 .  (54)
a ]
The number given after the * sign in Eg. (54) is the
"standard error", which is the standard deviation
divided by the square root of the number of separate
determinations of A /Wa ~ 200 in this case. The first
number in Eq. (54) is the measured mean value for

A /Wa.

One way to assess the meaning of the result in

Eq. (54) 4;s through the concept of confidence

intervalsg— . With the use of Student's
t—distributioniﬂ/, one can state that the experiments
establish that the value of the true mean (as opposed
to the measured mean) 1is greater than zero at a
confidence 1level of 98.6%. This 1is a one-sided
confidence interval, rather ﬁhan the more usual
two-sided interval which states that the true mean

lies between a pair of numbers symmetrically disposed
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about the measured mean. The result of the experiment
can then be restated as establishing at a 98.6%
confidence level that the applied field has caused an

increase in beta-decay transition probability.
C. Examples of Embodiments.
1. Coaxial Transmission Line System

One embodiment of this invention employs the
electromagnetic field propagated in lowest TEM mode
along a coaxial transmission line of circular cylinder
configuration. The fuel constitutes the dielectric
medium that lies in the cylindrical annulus between
the inner and outer conductors of the transmission
line. The nuclear radiations emitted by the fuel are
converted to thermal energy by being stopped within
the fuel and/or surrounding materials. This thermal
energy is then converted in the conventional manner to
drive rotating machinery, or it <can be further
converted to electrical energy 1in conventional
fashion.

The coaxial transmission line operating in the
simplest TEM mode represents a straightforward
application of the theory of induced beta decay, since
apart from a radial decrease of the amplitude of the
fields, the fields are of pure plane wave type.

The fuel should be in the form of =a
non-conducting material. One approach is to use a
solid material of high melting point (e.g., K25i205,
CaCO3, Csz, SrSiO3) to minimize problems in case of a
loss~of-coolant accident. Coolant can be passed
through channels within the fuel annulus, and/or at
the outer periphery of the outer conductor, and/or

within the inner conductor. Another strategy is to
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have the fuél in the form of an aggregate of
geometrical shapes over which a gaseous or liquid
coolant flows. Another approach is to use a fuel with
low melting point (but preferably a high boiling
point), so that the fuel is a dielectric liquid at
normal operating temperatures. The fuel itself can
then be used as the heat transfer medium, circulating
between the region of the fuel annulus and an external
heat exchanger. An advantage of this technique is
that the circulating fuel can be continuously purged
of decay products and replenished with fresh fuel to
maintain a steady fuel concentration.

Figure 2 shows a system based on a coaxial
transmission line, consisting of an outer conductor 1
and an inner conductor 2, terminating in an absorptive
load 3, represented schematically by a resistor. A
power supply 4 transmits power of appropriate
frequency along the line. The resulting
electromagnetic field in the insulating fuel medium 5,
which comprises the dielectric separating inner and
outer conductors of the coaxial transmission 1line,
causes beta decays to be induced in the fuel. The
energy generated within the fuel 5, and the energy
transmitted to the absorptive load 3, are transferred
to a coolant fluid 6, which runs a conventional system
of turbines 7, and generators 8, to produce the
electric power output. A heat dump 9 is provided in
the working fluid system in order to complete the
thermal cycle. If the generators 8 are omitted, the
power plant can be used to provide mechanical energy
rather than electrical energy.

To represent the fact that the system could
consist of any number of coaxial transmission lines as

just described, Fig. 2 shows two such assemblies,
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For ease of representation, the transmission line
in Fig. 2 1is shown with a larger diameter-to-length
ratio than is likely to be used in practice. Also for
ease of representation, the transmission line is shown
straight, whereas in practice it may be employed in a
coiled configuration with coils one or more layers
deep, with axis of coiling horizontal, vertical, or at
any other orientation. Other sSpace-saving
configurations other than coiling may also be used. -

An alternative configuration would have the
transmission line consist of a grid of conductors
embedded in a natural mineral deposit containing the
fuel material, where this natural deposit 1is
protected, by nature or by design, from developing
inadvertent conductivity paths.

In the theoretical treatments given above, most
of the work was done in a Gaussian system of units,
with .r = ¢ = 1. A change is now made to the SI, or
Mks, system of practical electromagnetic units.

A circular cylinder transmission line operating
in the simplest TEM mode has electric and magnetic
fields given by

E=p 5 cos(wt-kz) (55)

0IN

COSQJJt "kZ) (56)

B - vie

DIM

expressed in p,@,z cylindrical coordinates, and with
permittivity € and permeability u relating to the
dielectric material contained between the inner and
outer conductors. The amplitude factor C contained in
Egs. (55) and (56) can be related to the intensity

parameter z. It is convenient to use a mean intensity
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parameter z, where the mean is obtained by averaging
over the volume of the dielectric in the transmission

line. From Egs. (46) or (47), z is proportional to

1432, and
(1> _ 2&nlp,/p;)
;7 aver.

where po and.pi are, respectively, the inner radius of
the outer conductor and the outer radius of the inner

conductor. The end result is that z is
2

[ ;
- . (eROC> 2 n(pg/oll (57)
w .(DO -pi )
orxr
< 2 1
T T (58)
C=2 ..
7 eRo 7 Zlnfﬁo/pi)

The transmission line is presumed to terminate in
a non-reflecting absorptive load. This means that the
simple propagating plane wave character of the ffelds
is unaffected. It also means that +the power
transmitted along the line can be converted to thermal
power, which adds to that arising from induced beta
decay. Thus, a portion of the power employed to
operate the device can be recovered.

The power transmitted along a coaxial
transmission line is . -

U = m(e/u)  C*inlp /pi) ’
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which becomes
U = 2n° (/eR ) 2 (/) EVv2p 2 (1-p.2/p ?) (59)
o 0 i o)

when Eg. (58) and w=2nv are used. The transmission
lines considered will not be 1long enough for
attenuation along the line to be an important factor.

Output power from the coaxial system is Jjust
average power density times fuel volume, or, from Eq.
(43),

- 2,4_ 2 2
P=EW .pTop_ (1 Py /po N - (60)

In Eq. (60), E is the usable energy released per beta
decay nucleus expressed in jouleés (not in MeV as in
Eg. (43)), p without subscript is the density of
beta decay nuclei, and & is the length of the
transmission line. Equations (59) and (60) make clear
that input and output powers have the same dependence
on the radius of the transmission 1line, but outﬁut
power is proportional to the length of the line. This
suggests the use of long lines, which may be coiled
into compact arrays. Total power output of a single
plant need not come from a single transmission line,
but could be the summed contributions of a number of
long, coiled lines.

113Cd at z = 3.394, as in Eqg.
(28), a choice of 300 MW thermal power for P in Eq.

For example, for

(60) at a length of 104n1 gives a value for P of
1.68m. Then, with these parameters and a choice of
v = 27.4kHz, the input power from Eg. (59) is 33.3MW,
or P/9. The total thermal power available to the heat
exchange medium is P+U, so in this example this total

power is ten times the input power.
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As another example suppose the fuel is potassium
hydroxide, enriched to 90% in 40K. If this system is
operated at z = 18.647 (see Eg. (32)), a choice of 2.5
X 109W thermal power for P in Eg. (60) at a length of
104m giveé a value for Po of 0.481m. With these
parameters, and a choice of v = 110kHz, the input
power from Eqg. (59) is 2.8 x 108W, or P/9. As in the
Cd example above, 'the total power P+U is ten times the

input power.
2. Coaxial Resonant Cavity System.

Another embodiment of this invention employs the
electromagnetic field existing in a resonant coaxial
cavity excited in lowest TEM mode. The cavity is just
like the coaxial transmission 1line treated above,
except that it is terminated by reflectors at a length
equal to an integer number of half wavelengths. As
with the transmission iine, the fuel constitutes the
dielectric medium contained between the inner and
outer conductors of the coaxial cavity. The nuclear
radiations emitted by the fuel are converted to
thermal energy by being stopped within the fuel and/or
surrounding materials. This thermal energy is then
converted to mechanical and/or electrical energy in
the conventional manner.

Figure 3 shows a system based on a coaxial
resonant cavity consisting of an outer conductor 1 and
an inner conductor 2. A power supply 4 provides the
power necessary to sustain an electromagnetic field
which is resonant in the cavity. This electromagnetic
field induces beta decays to occur in the insulating
fuel medium 5, which comprises the dielectric
separating the inner and outer conductors of the

coaxial cavity. The energy generated within the fuel
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medium, as well as the energy occurring as wall losses
in the cavity, are transferred to a coolant fluid 6,
which runs a conventional system of turbines 7, and
generators 8, to produce the electric power output. A
heat dump 9 is provided in the working fluid system in
order to complete the thermal cycle. Direct
mechanical output can be provided in place of
electrical output if the generators 8 are omitted.

To represent the fact that the system could
consist of any number of coaxial cavities as Jjust
described, Fig. 3 shows two such assemblies.

For ease of representation, the resonant cavity
in Fig. 3 is shown with a larger diameter-to-length
ratio than is likely to be used in practice. Also for
ease of representation, the cavity is shown straight,
whereas in practice it may be émployed in a coiled
configuration with coils one or more layers deep, with
axis of coiling horizontal, vertical, or at any other
orientation. Other space-saving configurations other
than coiling may also be used.

An alternative configuration would have the
resonant cavity consist of a grid of conductors
embedded in a natural mineral deposit containing the
fuel material, where this natural deposit is
protected, by nature or by design, from developing
inadvertent conductivity paths.

The coaxial cavity considered here is taken to be
the same as the coaxial transmission line treated
above, but with the length specified to be an integer
multiple of half a wavelength, and with both ends
closed by reflectbrs. Equatipns (55) and (56) are
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replaced by

> L C . (61)
E = =~ ¢ginkz coswt
Pp
B=5&4 ¢ oskz coswt
TPVHE § cosK (62)

The length of the cavity is given in terms of field
frequency v by

5 £ = n/2/pe v , (63)

where n is the number of half wavelengths within the
cavity. In the above equations, k 1is defined by
k= w/ﬂg .
The intensity parameter can be averaged radially
10 as it was in the transmission 1line, but- an axial
averaging is also appropriate. This axial averaging
is complicated by the fact that induced beta decay
occurs under plane-wave-like conditions where
IEI—CIBI/E . This is true throughout a transmlssion
15 1line, but a cavity has regions where |E|>clB|/€ § and
regions where the opposite is true. When axial
averaging is done in a cavity under the premise that
the governing field amplitude is always the smaller of
the local values of |E| or cfﬁl/er%, then the combined
20 axial and radial average is

- (1= 2)(ereoc)2 21nlpo/Pi)
(Po* - Pi?) (64)
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or

C/= l/z(l 2) l/Z#'w 2 ]I/Z

ek 21n (Q,/P) (63)

In this case input power is just the loss in the
cavity walls. This power loss is

2, e\V2 8§ .,2 o, 468, &

The last term in the final parenthesis in Eg. (66)
gives the lossesr in the end walls of the cavity.
These are negligible for parameters of interest here,
so this term is dropped hereafter. The quantity C7 in
Eg. (66) 1is given by Eg. (65), so the cavity
equivalent of Eg. (59) for the t;ansmission line is

5 . g\/2 (!—P‘ /Po 2)(1+ Po/Pi)
U= e (FA) (eRo) 52150, T2 tn (h/P) '

The factor § in Egs. (66) and (67) is the skin depth,
given by

(67)

8 = (2/mw0)? , (68)

where ¢ is +the conductivity of the cavity wall

material. If this material is copper, then Eqg. (68)
is

2 -

§ = (6.61 x 10 “)Vv . (69)

This implies a vS/z dependence on frequency in Edqg.
(67) .

Output power is still expressed by Eqg. (60) with
the important proviso that the z employed in the

evaluation of V.. a in Eq. (60) comes from Eg. (64) and
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not from Eq. (57) . Equation (64) takes into
consideration the spatially periodic decline to zero
of the fields within the cavity. With the same set of
assumptions employed for the transmission line example
with 113Cd, one obtains again Po = 1.68m for & = 104m
with 7 = 3.394 and P = 3x10°W. A calculation of input
power now requires an assumption for n. If n=10, then
V= 75kHz and U = 3 x 106W. In the case of a cavity,
output thermal power is then about 100 times input
power. For the same set of assumptions as employed
for the transmission 1line 40K example, one obtains
“m with Z = 18.647 and P =
2.5 x 109W. If n = 20, then v = 130kHz and U = 2.5 x

10w,

againpo== 0.481m for & = 10

3. Other Transmission Lines’ and Resonant Systems

The results presented above apply also to other
traveling wave and standing wave transmission‘ line
arrangements. By other transmission lines are meant,
for example, the two-wire, four-wire, or coaxial cage
transmission 1lines, any of the possible strip-line
configurations, or any other transmission 1line
arrangement that can support a simple TEM mode. 1In
such cases with a traveling-wave TEM mode, the
electric and magnetic fields will be essentially those
stated in Eqgs. (55) and (56). For terminations so
arranged as to provide resonance, then Egs. (61) and
(62) are applicable. J

4. Other Configurations

Although transmission lines represent a very
convenient way to provide plane~-wave-like

electromagnetic fields of large enough intensity to
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induce beta decay, other field-producing
configurations can also be used. The fields in such
cases will not be strictly simple TEM such as provided
by plane waves and transmission lines, but
nevertheless some proportion of the total fields
produced can be of that nature. For example, the
fields in close proximity to a long cylinder carrying
an alternating current, or the fields inside a
large-diameter solenoid carrying alternating current,
or the fields in close proximity to a large, hollow "
torus carrying alternating current in the azimuthal
direction, will all possess components that can be

employed to induce beta decay.
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CLATIMS
1. A process for inducting beta decay transitions

of atomic nuclei comprising providing a medium which
includes atomic nuclei that have forbidden beta decay
transitions = in which the initial and final nuclear
states do not have the same intrinsic parity or have
total angular momenta which differ by more than one
quantum unit of angular momentum, and applying to the

‘medium an electromagnetic field which has an intensity

sufficient to provide the angular momentum or intrinsic
parity necessary to overcome the forbiddenness of the
beta decay transitions of the atomic nuclei, thereby
to induce the beta decay transitions.
2. A process for obtaining useful energy comprising
the steps of: N

providing a fuel medium which includes atomic
nuclei that have forbidden beta decay transitions; V

applying an electromagnetic field to the fuel
medium, the field having an intensity sufficient to
overcome the forbiddenness of beta decay transitions
of the nuclei; and,

capturing nuclear emissions caused by beta
decay transitions of the nuclei and recovering useful
energy therefrom.
3. A process for reducing the halflife of nuclear
waste products that include atomic nuclei that have
forbidden beta decay tramsitions, comprising applying
an electromagnetic field to the waste products, the
field having an intensity sufficient to overcome
forbiddenness of beta decay transitions of the nuclei
thereby to enhance beta decay with the release of
nuclear emissions from the nuclear waste products.
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4, A process according to any one of the preceding
claims, in which the electromagnetic field is an
alternating electromagnetic field of frequency v and
magnetic induction B, with B/v at least of the

order of 10710
5. A process according to any one of the preceding
claims, in which the density e of the atomic nuclei is
at least of the order of 10 h/EWind nuclei per cubic

teslas per hertz.

metre, where E is the decay energy in MeV involved in
the beta decay of a single nucleus, and Wind is

the total induced transition probability

in sec_,; for the beta decay.

6. A process according to any one of the

preceding claims, in which the atomic nuclei are sel-
90 137 48
f “7Sr, Cs, Ca,

85g, 991¢, 1350,

ected from a group consisting o _
87Rb, 4o ’50 113Cd, 1151n, 962r

K V, b
and 1991,
Te An apparatus for inducing beta decay transitions

of atomic nuclei by a method in accordance with any one
of the preceding claims, the apparatus comprising a
medium (5) which includes atomic nuclei that have
forbidden beta decay transitions in which the initial
and final nuclear states do not have the same intrin-
sic parity or have total angular momenta which differ
by more than one quantum unit of angular momentum,
field producing means (1, 2) for producing an electro-
magnetic field in the medium and means (4) for -
energising the field producing means to establish the
field at an intensity sufficient to provide the angular
momentum or intrinsic parity necessary to overcome the
forbiddenness of the beta decay transitions of the
atomic nuclei.
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8. An apparatus according to claim 7, which also
comprises means (6, 7, 8) for collecting the energy
of nuclear emissions caused by beta decay of the

atomic nuclei.

9. An apparatus according to claim 7 or 8,

in which the field producing means comprises a trans-
mission line (1, 2, Figure 2) or a resonant cavity
(1, 2, Figure 3) and in which the

fuel medium is located within the transmission line
(1, 2, Figure 2) or resonant cavity (1, 2, Figure 3).

10. An apparatus according toclaim 9, in which

the transmission line or resonant cavity is formed

by a pair of coaxial conducting cylinders (1, 2)

and in which the medium (5) is located in the annular

region between the inner and outer conducting

cylinders (1, 2).

11. An apparatus according to any one of claims

7 to 10, in which the energising means (4) comprises

an alternating current source.

12. An apparatus according to any one of claims

7 to 11, in which the medium (5) is an electrically

insulating material containing the atomic nuclei.

13; An apparatus according to claim 12, in which

the insulating material is a dielectric liquid.

14, An apparatus according to any one of the

preceding claims, in which the medium (5) is a fluid

and acts as a heat transfer fluid to transfer heat

away from the field producing means (1, 2).
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