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Description

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
comprises 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.

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 haiflives of long-lived fission
product wastes from conventional nuclear fission power plants. T

The background leading to this invention, theoretical predictions and practical examples will now be
described and explained.

[. BACKGROUND AND FOUNDATIONS OF THE INVENTION

A. Introduction and Prior Art

There is little history of work on causing 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 constant magnetic fields./* These studies conclude that there
would be essentially no effects for fields up to about 10'2G, but above about 103G beta decay rates wouid
be increased noticeably. The problem is that the largest field that can be prodced in the laboratory at
present is about 10°G.

The work just cited is 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 emission.? The process can become of importance at temperatures of the order of 10°
K.

The present invention involves induced emission from a certain type of metastable nuciear 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 theory for this process was given by Zernik¥ 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 developed.#¥ Experimental verification of the lowest order induced process in hydrogen has
been 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 question exhibits no radioactivity at all when not subjected to inducing
radiation.) A number of nuclear species exist having real or potential beta decay transitions classed as
“forbidden.” The term “forbidden” is used in beta 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

* These references are to Notes appearing at end of publication on page 31.
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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 decays are categorized as “forbidden.” Forbiddenness has a very strong
influence on the observed halflife. For exampie, 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 othe 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
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 haliflife for an otherwise comparable aliowed transition. Nevertheless, the haifiife
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 the beta decay, it is
convenient to introduce the concept of photons. (A photon is 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 considerations about the
best way to achieve certain values of an interaction strength parameter to be discussed below.

y An illustration of the principle involved is provided by the beta decay of °°Sr. The decay scheme for this
is

o* 28.6y.

90
38 5'52

- Q__ = 546 keV

2 64.1h.

90

SQY

51

The superscript on %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
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neutrons. Thus the beta decay of 2°Sr to 2°Y involves the conversion of one of the neutrons in °Sr into a
proton, thus causing a transmutation from strontium to yttrium. (The further decay of *°Y into the stable
nuclide zirconium-90 is not shown here, since it is not needed for this discussion.) The horizontal lines
show the energy levels of the nuclei. The O* at the left of the line means that this ground-state energy level
of 29Sr has zero angular momentum and positive parity. The 2~ shown for %%Y signifies two units of angular
momentum, and negative parity. The opposite parities of the states, and the need for a change in angular
momentum of two units, accounts for the 28.6-year halflife of °°Sr. In the presence of an applied
electromagnetic field, the initial state (®°Sr) or final state {°°Y) can be thought of as emitting or absorbing a
photon, with a resulting change in angular momentum and parity. For example, the ground state of *Sr in
the electromagnetic field would have a 1~ component, so that the beta decay could proceed with a change
of only one unit of anguiar momentum and no parity change, which is an allowed beta transition. An
energy level diagram for this is

1=
O+

-

90g,

where the straight diagonal lines 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 %°Sr and ®°Y ground states, a photon of
the applied field contributes essentially zero energy.

The result of this interaction with the electromagnetic field is to enhance the transition rate due to
removal of forbiddenness from the beta 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 nuciear
fission power.

C. lllustrative 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 “°K (potassium-40), “Ca (calcium-48}, *°V (vanadium-
50), ¥Rb (rubidium-87), ®¢Zr (zirconium-96), ''3Cd (cadmium-113), and '"®In (indium-115). {Other beta decay
species found in Nature — 123Te, 1383, 178y, 18°T3, '97Re — will not be mentioned further, because of small
abundance and/or low decay energy). A striking feature common to all these nuclides is their very long
halflives. The shortest lifetime in the list is possessed by *°K, whose 1.277 x 10%year? halflife is about 1/4
the age of the Earth. The halflife of Rb, 4.80 x 10'° years,? is more than ten times the age of the Earth. The
other nuclei bracket the threshold of detectability. *'®In is listed at 4.41 x 10" years.'? The decay of ''°Cd
(halflife 9.3 x 108 years'V) was detected for the first time only recently.X® *8Ca, 5°V and °Zr have never
been observed to decay, even though it is possibie 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 safey 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 maifunctions, the beta 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 is neither induced nor residual radioactivity to deal
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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 with *Ca and %Zr 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 recoii). 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 is a separation of charge. This separation of charge creates an electrical
potential difference which can cause electrical current to flow.

The beta decay properties of *°K will now be discussed. The natural decay of “°K exhibits all the types of
beta activity. lts beta decay can be represented by the following energy level diagram, adapted from Endt
and Van der Leun.®

4~ 1.277x10% y.
2t 1461 keV !
T 40
- 19 Ko
Egg = 44 keV
10.67%
Q= 1312 keV
B
89.33%

QB+ = 1505 keV
3

1x10™ % 40
40A 20 Ca20
1822

The horizontal line for 4°K is the ground state, with a spin and parity of 47. The line slanting down to the
right signifies a B~ decay to the 0" ground state of “°Ca (calcium-40). This decay arises from the conversion
of one of the neutrons in “°K into a proton, which is the reaction

n—p+e +v.

The three emergent particles from the reaction are the proton, electron (or B~ particle) and the antineutrino,
v. The antineutrino has such infinitesimally small probability of interaction with anything, that its primary
importance in practical application is 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 the diagram for the B~ 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 *°K level diagram slanting down to the left represents the capture of an atomic electron
by the nucleus, leading to the first excited state of “°Ar (argon-40). This EC (electron capture) is equivalent
to the conversion of one of the protons in *°K into a neutron, or

1

“p+e —-n+v

The reaction is placed in quotation marks to emphasize the fact that such a reaction is energetically
impossible with free protons and electrons, but can become possible within an appropriate nucieus. The
symbol v on the right hand side is a neutrino, the antiparticle of the antineutrino of 8~ decay. The 4™ to 2*
transition, “unique first forbidden,” would be the dominant decay mode of *°K since it is 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 7. These opposite trends give the resulit that 89.33% of the natural decays
occur by B~ and 10.67% by EC. Since the EC process leads to an excited state of “°Ar, it is followed quickly
by the emission of a 1.46 MeV gamma ray as the newly-formed argon goes into its ground state.
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The last decay mode shown on the diagram is ™ decay, which is equivalent to
“"p-on+e"+v"”

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 B* 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 “°Ar is not possible. It is also most of the
reason why the B* decay of “°K is so strongly dominated by the B~ decay, even though both are 4™ to 0~
transitions. (There are other reasons having to do with details of nuclear structure.)

“8Ca presents new features. It appears to be entirely stable, but B~ decay is energetically possibie if a
large angular momentum forbiddenness is overcome. If decay is induced by an electromagnetic field, the
daughter nucleus is radioactive with both B~ (allowed) and gamma emissions.

For further explanation, the energy level diagram of “8Ca and its (potential) daughter nucleus *8Sc
{scandium-48) is useful:¥

O+ 16

>2x10 "y,
= 47 252 keV
48 5" 131 keV
20 Cagg 6+ 43.7 h.
QB_. = 281 keV 7 318 8027 3508
17.5% 3333
o Q 5= 3990 keV keV
97.5%
b v 2296
keV
100%
Y S84
keV
100%
+
0 v
48 .
22 Tigg

No beta transition is actually observed from *8Ca, but its ground state is 281 keV abaove the ground state of
“8S¢. The two most probable beta decays shown for *8Sc are allowed, so *8Sc has a halflife of only 43.7
hours. Since the only levels in *®Ti available for allowed transitions from “8Sc are well above the ground
state, the beta decay of “®Sc is accompanied by gamma ray emissions of 175 keV (7.5%), 1212 keV (2.4%),
1037 keV {97.5%), 1312 keV (100%), and 984 keV (100%). These gamma ray transitions are shown by the
vertical lines in the *Ti diagram. The overall energy difference between the ground states of *®Sc and *®Ti is
3.990 MeV. Thus, although the potential beta decay of “3Ca itself is not particularly energetic, the end result
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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 “°K and *6Ca. The next
heavier candidate, 5°V,1¥ is interesting because it appears to be totally stable in Nature, and because it is
the only case to be listed here in which potential B* activity is as significant as B~.

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

Zirconium-96*¥ is very similar in nature to **Ca. %Zr is apparently non-radioactive, with the beta-active
%Nb (niobium-96) as its daughter nucleus if decay is induced. **Nb decays to excited states of **Mo
{molybdenum-96).

The nearly stable nuclide ''3Cd ¥ has a higher degree of forbiddenness than ®Rb, and slightly more
available transition energy. The isotopic abundance of '*3Cd is 12.26%, but it is less widely distributed in
Nature than ®Rb.

Finally, '%In 1% has the same forbiddenness in its beta decay as ''*Cd, a more energetic B decay, but
nearly as long a lifetime. Natural indium is largely ''%In (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
905 (strontium-90) and '*’Cs {cesium-137). For the first 700 years or so of natural decay, *°Sr and *’Cs
comprise virtually the entire burden of fission waste radioactivity.!® 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 is 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, °*Sr and '*’Cs both have "‘unique first forbidden”
beta decays (angular momentum change of two, and change of parity, which give them halflives of the
order of thirty years. This makes temporary storage of little 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 lifetime. 2°Sr in particular becomes incorporated into bone when ingested, where it continues
to damage the host arganism. The biological halflife {i.e., the halflife for retention in humans) of ®°Sr is 49
years in bone and 36 years on a whole body basis.*¥ .

The decay of 2°Sr is to *°Y (ytrrium-90), which, in turn, has a first-forbidden, but more energetic decay
to the stable %°Zr nucleus.”. Application of an appropriate external field would accelerate both *Sr and %°Y
decays, but the ®*SR decay always remains the controlling factor.

In the case of '*’Cs, decay is directly to a beta stable nucleus '*'Ba {barium-137}.1¥ The natural decay is
94.7% to the excited 11/2- state of '*"Ba, which is followed by emission of a 662 keV gamma ray. 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 '*’Cs decay is dependent on field intensity.

When subjecting beta active fission fragments to decay-inducing fields, the most likely aim would be
twofold: to reduce the level of radioactivity of fission wastes, and to produce useful energy thereby. Other
long-lived fission products which experience forbidden beta decays include 3°Kr (krypton-85) which has a
10.72 year halflife because of the same kind of unique first forbidden decay as °°Sr and '3Cs. Also included
are much longer lived fission products like ***Cs (2.3 x 10° years), **Tc {technetium-99, 2.13 X 10° years),
and ' (iodine-129, 1.57 X 107 years), all of which have “second-forbidden” transitions. These, with a
number of other fission products, could make a contribution to total energy release even though they
represent less of a disposal problem than °°Sr and '¥’Cs. They are listed below, with the probability of
occurrence as a fission product (yield)?, normal halflife, and the maximum beta decay energy available
when stimulated.
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Maximum Decay

Nuclide Yield (%) Halflife (years) Energy (MeV)
135Cs 6.7 2.3 x 108 0.209
SZr 6.4 1.53 x 108 0.090
137Cs 6.23 30.17 1.173
®Tc 6.1 2.13 x 10° 0.291
%0gr 5.9 28.6 0.546 + 2.279
144Ce 5.45 0.7800 0.3182 + 2.996
87Rb 2.56 4..80 x 10'° 0.2733
47Pm 2,26 2.6234 0.2247
85Kr 1.33 10.72 0.687
129) 0.9 1.57 x 107 0.189

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 **°*U (uranium-235) and in 5L
(lithium-6). 2°5U 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. ®Li 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 is presumed
to be available from each #*5U nucleus, and each ®Li 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 used®
are atom abundances (atoms per 100 silicon atoms) of the elements as they occur in the igneous rocks of
the Earth’s crust. )

Energy
Isotopic Per
Atoms per Abundance Isotopic Energy Energy
Element 100 Si Isotope % Atom MeV 5Li Energy %5 Energy
potassium 4.42 40K 0.01178 0.66 2.9 x 1078 1.5
calcium 9.17 “8Ca 0.185 3.87 0.55 ’ 280
vanadium 0.030 sy 0.25 0.75 4.7 x 107* 0.24
rubidium 0.036 8Rb 27.85 0.14 1.2 X 1072 6.1
zirconium 0.026 96Zr 2.8 2.92 © 1.8 % 1072 9.2
cadmium 1.3 x 1078 13Cd 12.26 0.15 2.0 x 1078 1.0 x 1073
indium 7 x 107® 51 95.7 0.24 1.3 x 1075 7.0 x 1073
lithium 0.091 8L 7.52 17.6 1.0 520
uranium 1.6 x 1074 235y 0.7205 200 1.9 x 1073 1.0

Energy potentially available from induced beta decay of materials in the Earth’s crust is seen to
compare favourably with other types of nuclear energy. Beta energy resources are about one half of DT
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fusion energy resources, and they are about three hundred times greater than #°U fission energy
resources. This second comparison signifies that beta 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 comparison of 23U with *®Ca in limestone favors “%Ca by a factor of the order of 10%

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 listed 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 Hubbert?” 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 compaosition of
seawater as given by Rankama and Sahama®?, the resource figures in the following table are arrived at.

7

Energy Energy
: Per. T Energy
Isotopic Isotopic . Total _—
Weight Atoms Per Abundance Atom Fossil’ Petroleum
Element Percent H Atom Isotope % MeV Fuel Energy Energy
potassium 3.8 X ‘10'"2 8.8 x 107° 40K 0.01178 0.66 13 240
calcium 4x107%2 9.0x107° 48Ca 0.185 3.87 1.2 x 108 2.4 x 10*
vanadium 3x10°® 53x10™" soy 0.25 0.75 1.9 x 107% 35 x 1073
rubidium 2x107% 2.1x1078 ¥Rb 27.85 0.14 1.6 29

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 *Ca is twenty thousand times as large, and *°K 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
%K, ®Rb, and *®Ca, resources from the oceans are much greater than from the rocks; °V is similar in
importance from either source; while ''*Cd and "*%In are available only from the lithosphere.

2. Resources from Fission Products

Whether the primary intent of stimulating forbidden betatransitions in fission products is to reduce the
burden of radioactive 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 lived 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,
%Sr and '*'Cs taken together represent about 80%, and '®Cs and **Tc together represent another 10% or
S0.

. EXPLANATION OF THE INVENTION
A. Theory

The basic idea of this invention is 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 them, 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 radioactive 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 mation which must be 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 is developed which
is the extension of the usual beta decay theory to the case where the nuclear states and beta particle
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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 potentiais {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 is of no significance to induced beta decay.

B. Embodiments

One example of an electromagnetic field source to induce beta decay is a coaxial transmission line
operating in TEM (transverse electromagnetic) mode. The fuel is 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.

Another electromagnetic field source is a resonant coaxial activity. This is similar to the coaxial
transmission line, except that the line is terminated by reflectors at a cavity length equal to an integer
number of half wavelengths of the cavity field (in simplest TEM maode). 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 in close proximity to a long conducting
cylinder or to a solenoid. An in-between case with certain advantages is a hollow conducting torus. In 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.

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 representatlon 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.

lll. DETAILED DESCRIPTON 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 causes a transition of the nucleus-plus-field system
from one state to another. 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
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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 generalizations 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 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, is 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.

Ali of the above theory is predicated on a particuiar form for the applied electromagnetic fleld and a
relatively large 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 °°Sr, which has 38 protons, 52 neutrons, and a total spin of zero
and positive intrinsic parity (J"= O*). The core nucleus can be considered to be ®Sr, which has 50
neutrons, J™ = 0%, and is the principal stable isotope of strontium. 88Sr is particularly stable since the
neutron number of 50 is a magic number, and the proton number of 38 corresponds to completed p,,, and
fs/2 shells beyond the magic number of 28.2¥ The “fragment” constituents of two neutrons in *°Sr outside
the ®8Sr core are both dg, neutrons, coupied together to give an overall O* state. One of these two neutrons
will decay to a py,» proton, which will coupie with the remammg ds;, neutron to form a 27 state in the
daughter *°Y nucleus.

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

When the Schrédinger equation is separated in terms of the CM coordinate ® and the relative
coordinate 7 of the fragment with respect to the CM, the result is 2

19, % = [e 4>('f3,t)*§-',;t(‘ §7 '.ezx‘ﬂ)zj ¥R b

. (=~ - _]__ __-o - - 2
Laf‘*’"'[e(t)(nt)*me( lVr gA(t)) +V(r}] \'Pr ’ (2)
where m, and e, are the total mass and total charge

mt = mx + mz

’ €= e +e, (3)

and m, and & are the reduced mass and reduced charge

Mr= fm, +my, ’ €= "R Tm - (4)

The subscripts 1 and 2 refer to fragment and core, respectively. The so-called “‘natural’’ units (h = ¢ = 1) are
employed here.

The implication of the reduced charge expression, Eq. (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
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“textbook' situation, but a derivation of the appropriate S-matrix element (or transition amplitude) gives
the result

Sei = ~tsm [ [F 7 0- 179 ¢

[T}.‘w ‘7/"“- 75)9(!’)] .

(5)

This has precisely the appearance of the standard result, except that here it must be remembered that the
nuclear and leptonic states are states containing the full effects of the applied electromagnetic field. In Eq.
{5), W, and U are the initial and final nuclear states, ¢'® and Y™ are the electron and neutrino states, all in
the presence of the applied field; G is the weak interaction coupling constant; K is the ratio of axial vector to
vector couplings for nuclear beta decay; and the y*, y® 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 |arge as the order of forbiddenness of the natural beta decay. It must
also be valid in the presence of electromagnetic fields of such intensity that the convergence of
conventional perturbation theory is suspect. A technique ideally suited o the present problem is the
momentum translation approximation®.

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

@ (P.t) = explieA “P) O (T,1), (6)

where ® (7,1} is the nuclear wave function with no electromagnetic field. Validity conditions for the
approximation in Eq. (6) are?

eaR,w/E « 1, {7)

Ry K 1, - {8}

where a is the amplitude of &, R, is the riuclear 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 eaR, 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, Eq. (6) is an excellent
approximation to employ here.
With the standard product solution for the noninteracting wave function

B(Ft) = ¥ (F) e.'"Et ,

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

e: '-. - -.E't
‘I’i(-":t) =z e‘e* c LI g ; (9)

and the final nuclear wave function to be used is

T (F1) = e \GA ¥ (7) ctEE a0

The reduced charges, &, and &, are the appropriate forms of Eq. (4); and ,( ), U{7) are stationary state
nuclear wave functions with no field present.

5. Interacting Lepton States
The leptons emitted in B~ decay are an electron and an antineutrino®. The antineutrino is uncharged,
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and possesses no coupling to the electromagnetic field. The antineutrino is therefore described by an
ordinary free-particie wave function. The emitted antineutrino is treated as a neutrino in the initial state
with reversed four-momentum, i.e.,

J tKa,yx
) e — , M L
¥ pEy uAkaysede ¥ L g

In Eq. (11), k, is the four-momentum with time part E,, u" is a spinor, s, is the spin parameter, and V is
the normalization volume. The scalar product indicated in the exponential is a four-vector product
Ko X = KX, = Egt =K ) 7.

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 solution®, 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. [t is thus
appropriate to consider the field to be monochromatic. The electromagnetic field is specified as

A" = ae* coslk - x + p), (12)

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 €' in Eq. {12) has the scaler invariant g% = —1. The required solution is

\I;“” = ,/E-:—‘V —exp {-i[Pe-xan.x+gsin(k-on)i'%T]Sina(k'XfP)

. . e (@)
-§sinp - g nsin2pl} (1-go g KAV Pes) 4

with the definitions

§=- 25 5 MEZaKk 0 ae

{(The minus sign is introduced in the definition of ¢ to account for the fact that a gauge with £° = 0 will be
used, in which case p,e = — P T.)

6. Transition Probability per Unit Time

The wave functions given in Egs. (9), (10), (11), and (13) give the input necesssary to apply the S-matrix
of Eq. (5). Standard procedures of quantum 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, Eq. (13), contains the factor 1 — e¥&/{(2p.-k). The first term in this factor occurs in the
corresponding solution for a spinless particle, whereas the second term is associated directly with the half-
integral spin of the electron. When the square of the S-matrix is formed, these two 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 ’ (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 problems.2Z%¥ The
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other intensity parameter is associated with the interaction of free electrons with the electromagnetic
field. 2228 it is

g%a?
P (16)
The two parameters are related by
1
Zs = Zz(3>< 103)2
2(mRg)? (17)

Of these parameters, it is the z of Eq. (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 unity. Then, however, Eq. {17) shows that z; will be large.
This justifies the use of asymptotic approximations for certain generalized Bessel functions® which appear in
the present theory, as they do in all relativistic intense-field theories involving charged particles with spin.
These asymptotic approximations make possibie a relatively simple final form for the transition probability
per unit time.
When z > 1, as discussed above, the transition probability per unit time, W, is of the form

G?m®
W= fina (Mingl® (18}
Vi
where
fra=f + 2+ 1 (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

Mg =a“.—|(2—z"&')vz [tcostz" & cos G)lii +|sin (Z"Zéwse)lz

- . 2 (20)
*‘?‘v.zlr:c)s(7."Z§°<:c>se)c>')fci + H?[sin (22 écose)-‘;lﬁ] :

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

G*m> 2
W°= a.n.3 fo‘Mol 7

with
2 2 21 2
and, when Coulomb corrections were neglected, as they are in the present work, the spectral integral is

50 2 2 2
AL /l dEe (€ €e) 5  hglEqEe) = Ee (€21 (E-Ee) .
The separate spectral integrals in Eg. (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

€,
£, (Eo) "j/; odee h (&, Ee) ,
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where h, (g,, &) is the spectral function

1 o3
hl(E%E’") = 3 _5:- in

((O’Péf”

*1pPe! (G*Pez)llz‘Pel ( 2)%
c'/z )+ a5 &¢ [8 g~ %

2
2y .
*IC‘O(U+p¢Z)+lS<52] 4? (8pé+300'p=2 +450°);

3
folee) = [ TdE. hy(Eo, &),
where the spectral function is

1/2

4 ot joephigely 8 0 /2 8
h, (€, el = 2 53 ln( cguz )+ES- E_J[ch‘(CS"Pg) ~Pe
opd 4 .

and g,
f3lea) = [ "dee hylE,, &)

involving the spectral function

2 172 2,172
+ !
(‘(G Ec) + Ed)_ i ‘E:!(G+Ee) (0_3+||302Pe2

I ot
hy (&, E¢)='4—s' 3 ln Tz 38 % 45

4
136 16 6y, ' Pe 8 _ 2,4 &
+ 5 O-Pc4+-§-Pe )+IZ €3 (302+3cpe +spe) .

In these expressions, g, is a dimensionless electron energy, g, is a dimensionless nuclear energy change,
and p, is a dimensionless electron momentum defined by

F-efEe.!"“. Es= Eo/m Pe = Pe/m,

where E, = E; — E;. The last definition required is

C T 2Ea(&-&) .

7. Nuclear Paramaters

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
assignments are from "’Nuclear Data Sheets” (except for *°K, 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.?? The reduced charge for the fragment comes from Eq. (4).

A few examples of how fragment assignments are made are given here. For example, '3Cd,s has a
single nucleon fragment. The core nucleus, "13Cdg,, is a stable nuclide in Nature with spin and parity of O*.
By the usual single particie 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 momentum.
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The odd neutron in '"*Cd has a shell model assignment of s,,,, which should then determine the entire

nuclear spin and parity to be
1+

[

2

which is the case. Upon beta decay, the unpaired s,,, neutron becomes an unpaired ge,, proton, which then

contributes the entire observed
9+

2

spin and parity of the final '}3Ing, nucleus.

An example of a two nucleon fragment is provided by 3$Srs,. The core nucleus, $8Srs,, is the principal
stable isotope of strontium. in particular, N=50 is a “magic number”?¥ for the neutron sheil in ¥Sr, and
Z=38 represents the closure of an f5,, shell for the protons, so %Sr is a clear case of a stable, relatively
tightly bound core nucleus. The two neutrons in **Sr beyond the magic number of N=50 then constitute the
fragment, one of whose two neutrons will undergo beta decay. They must be 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 ds,, neutron will couple to the newly formed p;,, proton to give the 2~ state of the
19°0Y5; daughter nucleus. :
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2TRb., is an example of a nuclide where the fragment must consist of three nucleons. The odd proton in
®Rb must be part of the fragment because initially this ps,, particle accounts for the entire ®’Rb spin and
parity of
3_

2

The beta decay itself involves a neutron, not the odd proton, and since the beta decay neutron is initially
paired with anaother to give O*, then both of these neutrons must also be assigned to the fragment. in the
final state, the ge,, neutron which beta decays to a pg/, proton wili couple to O" with the initial odd proton,
while the remaining gq,, neutron finds itself unpaired in the final state, and so accounts for the

9+

2

spin and parity of the ¥’Sr daughter nucleus.
The state assignments shown in the table for 137Cs require a special comment.

7+
WCshasa — —
2

11—
ground state, with an L=1 decay to an —
2

3+
state and an L=2 decaytoa —
2

state of the daughter '¥Ba nucleus. The contrast between the spins and parities of these states suggests
something unusual. '*"Ba has 81 neutrons and '*Cs has 82 neutrons — a magic number. The last two
neutron shelis to be filled before the magic number is reached are the d;/, and hy4,, shells. Between neutron
numbers 67 and 79, there is alternation in the fllllng of these two levels. It can be inferred, therefore, that
when '3Cs beta decays to the - -

3+

2

level of '¥"Ba, it is a da, neutron in '*’Cs which experiences the beta decay, leaving an unpaired d;,, neutron
n "¥"Ba to contribute the

angular momentum of the final nucleus; and in decay to the

11

2

level of 1¥7Ba, it is an h,,,, neutron in "¥7Cs which experiences the decay, leaving an unpaired hy;,, neutron
to account for the
11
J=—
2
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 |M;,q/%, 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 interaction, and corresponds to the usual Fermi matrix element of beta decay theory. The
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second pair of terms (the ones containing the Pauli spin operators @) 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=0%3V where T is the total isospin quantum 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
ledl B an (22‘)02. [‘COS(ZVZROCOSQ)G Lﬁ + (21)
-2
lsin(zvz‘-%aCose)G]ﬁ] .

The terms in the square bracket in Eq. (21) are squared nuclear transition matrix elements, with the f
and i subscripts referred to final and initial nuclear states. The coordinate r which occurs in the matrix
elements refers to the position vector 7 of the nuclear fragment with respect to the nuclear core. In
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 (7;) is related to 7 by

q
qMr = Z Mr;,
i

where q is 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 rcos8 appears in the matrix element, the replacement

rcos® — é‘ rj cos®

should be used, where 8; measures the angle between™; and the polarization vector of the applied field.
Equation (21) can be stated in more detail as

H,Z - ¢n5f 2 ™ sing2 .
2 _ 2 +
Ming!” = awazpv2 (‘Mﬁ ' g% (22)

where

= cos \

_ Z\/Z - V
M —(21'3*‘)%% (Yf'COS(a u; cost)G \P‘) (23)

—'Slﬂ_ | . 2"2 - . X
M T @ n nzwzn} (¥, S'n(a Uy cos®)S VW), (24

In Egs. (23) and (24), u; is the dimensionless radial coordinate
u; = /R,

J; is the total angular momentum of the initial state, so that (2j; + 1)~ times the sum over m; is an average
over orientations of initial angular momentum; and the sum over m; is a sum over orientations of the final
angular momentum. In practice, only one of the two terms in Eq. {22) will be nonzero. When W; and W, have
the same parity, only ™ 4°°® will survive; and when they have opposite parity, only ¥ 3" will survive.

b. Sample Results

The only example in Table 1 which has a single-nucleon fragment is "'*Cd. With independent-particle
quantum number assignments as given in Table 1, and with harmonic oscillator functions employed for the
radial wave functions, Egs. (23) and (22} lead to

2
K 2 ~2/2 Z2, 12
2/ 24(“' g) (1-z). (25)

2.
Mg |” =im(zzg7 3257 €

19



0 099 946
Further reduction of Eq. (25) follows from the experimentally determined value of K%/
K= 23=0.01, (26)
§ and the approximate relation between z; and z

(222 = 2V¥mR, ~ 802'/2, (27)

From Egs. {25) and (27), the intensity dependence of |M;,¢|? for 1'3Cd is given by e~#227/2 (24—2z)? (8—2z).
10 This function has a broad maximum with a peak value at

Zmax = 3.394. (28)

Low-intensity behavior is proportional to z27/2,
15 An example of a g=2 nucleus, which has the same L=4 forbiddenness as ''3Cd is “®Ca. Application of

the formalism to this case yields

IMingl =
20 ﬁz ind 13 ” (29),
: -2/8%_4y, 2 47z
4rezvr2n3 5P & 2 (-7 *@xire ).

25 Equations (26) and (27) apply again to this result. The low-intensity behavior of Eq. (29) is proportional
to 27’2, just as in Eq. (25), since both ''3Cd and **Ca have L = 4. However, the intensity parameter which
maximizes Eq. (29) is

Zmay = 22.541, {30)
30
which is a substantially greater intensity than the maximum for *3Cd given in Eq. (28).
Another q = 2 example, but one which has L = 3, is “°K. The squared induced transition matrix element

in this case is

35

2 2
2___K ! -2/8_3(,. %2 , _2 31) .
Ming!” = 3m(zzp72 7732572 €77 2 (1-35g *7za) .

which has a maximum at

40
Zomax = 18.647. (32)

One further example for which g = 2 is °°Sr, which has L = 1. The calculation in this case leads to a
rather more complicated answer than the cases above, and it is not convenient to quote the result entirely
45 in terms of rational numbers, as done above. The *°Sr calculation gives

2
2 W 27 .z/8

IM; gl ‘47‘.(22*)]/2 25 €
50

z ad -

z[1- 5 +(1679%159)22 (2341 2107423 (33)
55
+H{1 7112107 %) 24 - (19207107125 + (8.109#1071%)z 8],
which reaches a maximum when
60
Zmax = 1.493. (34)

65
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Finally, a three-nucleon fragment case will be considered. The transition to the 11/2~ final state in the
beta decay of '*Cs has q = 3 and L = 1. The final result here is

2.
5 lMind‘ =
__li'z_.. (9297‘ -3 -2/18 _2) + -3
Amazge F2970107)Ze [1- (870921022 + (292310732
10
-(4.881x10°%2> + (4496216724 - (2370% 157%2% (35)
15 (706016 )26 -1 10962107927+ (6900210792 *]

which is maximized at
Zmax = 3.355. (36)

20 9. Induced Halflife.
—— - The halflife for beta decay is related to the transition probability per unit time by

t = In2/W.

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

6.25 x 10°
t= —————r (37)

M|

30
in which the constant
2r® In2

= 6.25 x 10°

35 G*m®

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'* values. Equation (37) would lead to a log ft expression

40 log ft = 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 ‘“’superallowed’’ decays.
Empirically, this can be incorporated into the theoretical expression by modifying the constants shown
45 above, so that, for nuclides of even mass number

log ft = 5.35 — log(|M|?), (38)

and for nuclides of odd mass number®

50
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
55 expression like Eg. (37) by using

105.35
(40)

tind =

find “vllndl2

60 for even-A nuclides, and setting

105.18
tigg =———— {41)
flnd ]MdeZ

65 for odd-A nuclides.
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Consider '**Cd as an example of the application of the above formalism. Equation (25), when evaluated
at the intensity stated in Eq. {28), gives |M;4|* = 3.08 x 107°. The spectral integrals can be evaluated
from the knowledge that "'°Cd has a beta-decay Q of 297 keV, which leads to &, = 1.581 from
g, = E/m =1+ {(Q/m). The spectral integrals give f, =990x1072 f,=23.09x 1073 and
f, = —0.64 X 1072, The negative value for f; means that interference between direct and spin terms is a
partially destructive interference. The total induced spectral integral is

f|nd = 0.124.
This value, when substituted in Eq. (41) with the above result for |M;,4}% gives
ting = 1,26 X 10° years

for *13Cd. This is to be compared with the natural decay halflife of 9.3 x 10'® years.

For *8Ca, Egs. (29) and (30) give [M;¢* = 3.68 x 1075 The Q value for the 0* to 5* transition is 150 keV,
s0 g, = 1.294. Then the spectral integral results are f;, = 5.68 x 1073, f, = 0.98 x 1073, f; = —0.20 x 1072,
for a total fi,q = 6.46 X 1073, When Eqg. {40) is employed, the induced halflife is

ting = 2.99 X 10* years.

The *K case gives |Mjql® = 5.32 X 1077 from Egs. (31) and (32), and f, = 81.3, f, — 68.6, f, = —13.9,
fina = 136.2, leading to

ting = 98.0 years.

In the case of °Sr, the calculation {eads to [M;,4/?> = 3.60 x 1074, f, = 1.40, f, = 0.70, f; = -0.14, and
fine = 1.96. The induced halflife

tina = 10.4 years,

when combined with the natural halflife of 28.6 years, gives an overall haiflife in both natural and induced
channels of 7.62 years.

Results for ¥7Cs are |Mnq|? = 1.57 x 107° from Eqgs. (35) and (36); Q = 512 keV, or g, = 2.001 for the
transition to the 11/2~ state; f; = 1.05, f, = 0.50, f; = —0.10, f,q = 1.45; and

tina = 210 years.

In this L = 1 case, the result is actually an induced halflife decay channel that is slower than the natural
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,_ 40, (42)

where E is the decay energy involved in the beta decay of a single nucleus, W,, is the total induced
transition probability as found from Eq. (18), and p is the number of active nuclei per unit volume. If E is
expressed in MeV, W,,4 in sec™, p in nuclei per cubic meter, and power density in watts per cubic meter,
then Eg. (42) becomes

Power density (W/m?) = (1.6 x 107"3)E(MeV)W, 4(sec” " }p(m~3). (43)

This expression can be used inversely to find 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, Eq. (43) leads to a minimum density of active nuclei of the order of 10'/EW,,,.

10. Strength of the Electromagnetic Interaction
From Eq. (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

1

Wipg =Cz""— {44)
2
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where C depends on properties of the nucleus, and all field dependence is contained in the

factor. One might expect to find a dependence on z- in Eq. (44) rather than

1
2t —,

2

since the process 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 of 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 the nucleus with the field is diminished by z/?, a 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

z = 4pa AR 2 {45)

In Eq. (45), a, 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 elementary 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 density p. The factors AR,2 in Eq. (45) define an effective interaction volume, so
that pAR,2 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
nucieus, and whose length is the wavelength of the field.

The intensity parameter z as defined in Eq. (15) appears superficially to be dependent on the choice of
gauge 2fgr the electromagnetic field. It is, in fact, gauge-invariant in any relativistically-stated “’simple”
gauge. :

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

z = 6°E, 2R, w2, {46)
or in terms of the magnetic induction as
z = e?B,%R Yw?e,, (47)

where E, and B, are the amplitudes of the E and B fields and &, is the dielectric constant of the material in
which the wave propagates. When h and ¢ factors are inserted where appropriate, E and B are given in
Mks units (as volts per meter and teslas, respectively), the frequency v(w = 2 niv) is given in Hertz, and R, is
taken to be 5 X 107™'5 meters, then we can express the intensity parameter z as

z = 1.362 E V2 = (1.224 x 10'7)B /v%¢,. (48)

Equation (48) can be used inversely to find field parameters necessary to achieve a given intensity
parameter. For example, assuming the lowest z of practical interest is of the order of 1073, then the
magnetic induction needed to achieve this at the frequency v is of the order of

B./ve,! = 10710

where B, is in teslas and v 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 difficuit 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 is
stated in units of watts per square centimeter {(W/cm?), and all other quantities are in Gaussian units, the
connection is

1 z Hwe
-7

energy flux (W/cm?) =P = 1077 — —
4 ao AR,?
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The factor 1077 is for conversion from ergs to joules. The factor Hw ¢/AR 2 is the energy flux associated with
the passage of a single photon through the interaction volume, and the factor z/a, converts this into the
overall energy flux. [f z is set to unity, and R, is replaced approximately by.X./80, then the applied field must
supply

P =~ (8.8 x 10'3)/A2,

where A is in centimeters and P in W/cm?. A central fact is the inverse square dependence on wavelength,
strongly favoring long wavelength sources, other things being equal. “Other things”, however, are not
equal, since the technological capability for producing large radiated power is very non-uniform across the
electromagnetic spectrum. Some representative vaiues of P are given here for certain well developed
sources.

Wavelength{Cm)} Type of Radiation P(for z = 1), W/Cm?
1.06 X 1074 Nd-glass laser 8 x 10%
1.06 x 1073 CO, laser 8 x 10"
3 Microwave 10
3 x 102 VHF 10°
3x 10° RF 10°

The energy fluxes listed above are very large. The figure given for the Nd-glass laser is beyond present
capabilities. The CO, 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 important to note that the internal fields which
accomplish cancellation of the applied electric field are entirely quasistatic {/.e., oscillating Coulombic fields
with negligible radiation component), so that, in Coulomb gauge, they are describable by an osciliating
scalar potential. The internal fields do not contribute to the vector potential. {Again, this statement applies
to Coulomb gauge.) These statements are explicated by

- - - bt
Eint s - Ee;t = V ‘#cn + atAext
- -—ln

Eint = -V $int .

When these two expressions for E are equated, and an integration performed, then

Pint = = Pext "/at;\. - dr

where & without subscript is A . since K),m can be ignored. The total potential experienced by the nucleus
is the sum of internal and external fields, so

(Dtot = cplnt + Qo = '_'J‘at.Aé'dT)
K)tot = K>ext = K) {49)

Tht_a 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

AC (50)
A = - p —sin{wt—kz).
wp

The p,z coordinates which appear in Eq. (50) are macroscopic coordinates. The integral which appears
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in Eq. (49) is over nuclear, or microscopic coordinates. Hence, the p,z coordinates in Eq. (50) can certainly
be taken to be constant numbers as far as any nuclear motions are concerned. Therefore, in an equation of

motion like Eq. (2), Eq. (50) can be expressed simply as A (Tt} =2 coswt, where @ 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 Eq. {49} leads to a sc_g)lar interaction term in the relative coordinate
equation for the nucleus (Eq. (2)) of the form V = — &,A-T. 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 resuit

where @ is the vector amplitude_gf the trigonometric term in & . By contrast, the vector potential X,
through the perturbing term —A-(iV ) gives the result

(¥ ea-T ¥ ) E-Ej )

¢+ 2 TVDE-Eitw
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.

B. Laboratory Test of the Theory
1. Experimental Apparatus

To subject the foregoing to experimental test, a field source based on a iow-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 line 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 are such that [E| = ¢[B].
The cavity was operated as a three-quarter-wavelength stub 11, off a coaxial transmission line 20 as shown
schematically in Fig. 1a. The power supply 4, was a 4.1 MHz radio transmitter sending an unmodulated 40
kW signal down the transmission line into a water-cooled non-reflecting resistive load 3.

Two sources 10 were emplaced at the [E)l = c|?[ point in the cavity, shown by the arrow in Fig. 1a. One
source was approximately 15 p Ci of '*Cs, and the other was about 100 uCi of "Be. The *’Cs is the “active”
source whose first forbidden beta decays to the first excited state of '3"Ba give rise to 661.64 keV gamma
rays. It is this source which should show the effects of the electromagnetic field. “Be is a “normalizing”
source whose electron capture transition to “Li 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 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 tefion tube. The entire arrangement of sources and attaching
materials was electrically nonconducting.

Radioactive 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} {lithium-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 routinesto 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 10, .
attached to the inner conductor 2, of the coaxial line. The gamma ray detection crystal 13, is located outside
the outer conductor 14 of the coaxial line 11.

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 of clock time. The reason for this choice is that the '¥’Cs decay leads to an isomeric state
in '¥"Ba which has a 2.55 minute halflife for decay to the ground state. There is no corresponding delay in
emission of the gamma ray following 7Be decay. The isomerism in '*'Ba gives a characteristic buildup and
decay pattern to the Cs/Be count ratios through the successive power-on and power-off cycles.
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The desired result to be obtained from the experiments is a knowledge of the change in beta decay
transition probability in '*’Cs caused by the field. The experiment measures the gamma rays emitted from
3783 as a consequence of beta decay from '37Cs. With the terminology that state a is the initial 3’Cs state,
state b is the first excited state in '*’Ba, and state c is the ground state of *’Ba, then a solution of the
differential equation for the population of state b as a function of time is

+J%E.w,,t

where N2 is the initial population of state a, W, is the transition probability for the beta decay from state a to
state b, W, is the transition probability for the gamma transition from state b to state ¢, and 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,

- A (e y -Wt
Ny(t) = Ny (wb-wu)e °

W, - Q=W,+A4,

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

= no ] -Wot
N = N [Wae A G 1—)]
-yt
= e’™®

where | refers to power—off cycles and 1 refers to power-on cycles. In these results, the inequality W,>»>W,
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
F(t) = Ny(thW,,
so the number of gamma-ray emissions in time T is ,'dt 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,
then the quantity

f: dtir - f:dtw“w
[Tattrw + [Tt

(51)

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

A
W \ T+ et

cC= (52)

which is fixed by experimental conditions, then the relative change in beta decay transition probability is
given by

A 2«
W, 1= 2c - (53)

In actual application of these results to analysis of the experiment, each of the quantities
fattlly | fatdrw)

in Eq. (51) is divided by a decay-corrected count of gamma emissions from "Be decay within the same on
and off cycles as the '3Cs counts. When corrected for the 53.29-day halflife of "Be, these "Be counts are
time-independent, and so do not affect the analysis leading up to Eq. (53).
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3. Experimental Results
The excited-state decay in '3’Ba occurs with known transition probability. When this is comblned 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 Eq. {53), gave the final result

A :
=(9.17 £ 4.12) x 107%. (54)
W,

The number given after the £ sign in Eq. {54) is the “standard error”, which is the standard deviation
divided by the square root of the number of separate determinations of A/W, — 200 in this case. The first
number in Eq. (54) is the measured mean value for A/W_.

One way to assess the meaning of the result in Eq. (54) is through the concept of confidence
intervals®. With the use of Student’s t-distribution®, one can state that the experiments establish that the
value of the true mean (as opposed to the measured mean)} is greater than zero at a confidence level of
98.6%. This is a one-sided confidence interval, rather than the more usual two-sided interval which states
that the true mean lies between a pair of numbers symmetrically disposed 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 annuius 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 in 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., K,Si,0s, CaCO;, CdF,, SrSi0O;) 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 have the fuel 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 fuei 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 line, 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 heatdump 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.

For ease of representation, the transmission line in Fig. 2 is 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
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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 transmission line 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.

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

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

I3 b % cos(wt - kz) (55)

B

expressed in p,0,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. (65) and (56) can be related to the intensity parameter z. It is convenient to use a mean intensity
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 1/p?, and

(11-) - Zln(Po/ﬂi)
. 2 2
p“/aver 620,

$ Ve % cos(wt -kz) (56)

where p, and p; are, respectively, the inner radius of the outer conductor and the outer radius of the inner
conductor. The end result is that Z is

(eROC)z 28n(p /0.)
3 = o' "i
T} i 7 (57)
: (py7-p57)

or
2 2 Ty
=Lk hy Po ~Pi
cC =732 (58)
eRo Zin(po/pi)

The fransmission line is presumed to terminate in a non-reflecting absorptive load. This means that the
simple propagating plane wave character of the fields 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 = n(e/w)t C3n(p/pi),
which becomes

U = 2m3(i/eR, )2 (e/u)* Z v2p,2(1—pi¥/p,2) (59)

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

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

P =E Wi p Tt 02 (1—-p#/02N- (60)

In Eq. (60), E is the usable energy released per beta decay nucleus expressed in joules (not in MeV as in Eq.
(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 line, but output 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 couid be the summed contributions of a number of long, coiled lines.

For example, for ''3Cd at Z = 3.394, as in Eq. (28), a choice of 300 MW thermal power for P in Eq. (60} at
a length of 10°m gives a value for p, of 1.68 m. Then, with these parameters and a choice of v = 27.4kHz, the
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input power from Eq. (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.

As another example suppose the fuel is potassium hydroxide, enriched to 90% in *°K. If this system is
operated at z = 18.647 (see Eq. (32)), a choice of 2.5 x 10°W thermal power for P in Eq. (60) at a length of
10%m gives a value for p, of 0.481m. With these parameters, and a choice of v = 110kHz, the input power
from Eg. (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 line treated above,
except that it is terminated by reflectors at a length equal to an integer number of half wavelengths. As with
the transmission line, 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 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 just 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 employed 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 muitiple of half a wavelength, and with both ends
closed by reflectors. Equations {55) and (56) are replaced by

y
E - p % Sinkz coswt (61)
B=&vVue C ol %
PYRE B COSKZ COSWT , (62)
The length of the cavity is given in terms of field frequency v by
| = n/2Vue v, (63)

where n_is the number of half wavelengths within the cavity. In the above equations, k is defined by
k = wVHe.

The intensity parameter can be averaged radially as it was in the transmission line, but an axial
averaging is also appropriate. This axial averaging is comphcated by the fact that induced beta decay
occurs under plane-wave-like conditions where [?l =c FI/& This is true throughout a transmission line,
but a cavity has regions where [?[ >c I?I/s 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 ¢ [B'l/e,}, then the combined axial and radial average is

eR,Ch\2 2Inlp/ )
0-5)(% 5 ) (p:.z-P-.PZ) o4

or

/ 2_p.2 /2
C,‘ -ZI/Z( 2 -2 hw [ZPO P; ] (65)

T ey In (R/Pi)
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In this case input power is just the loss in the cavity walls. This power loss is
2 /2
nIwey g $ s2 Po 4f P

The last term in the final parenthesis in Eq. (66) gives the losses in the end walls of the cavity. These are
negligible for parameters of interest here, so this term is dropped hereafter. The quantity C’ in Eq. (66) is
given by Eq. (65), so the cavity equivalent of Eq. (59) for the transmission line is

oS eV h O\ o (1= P2/ P2 N1+ Po/Pi)
=7 () (&) s2ve Ry - 7

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

3 = (2/uwo), (68)
where g is the conductivity of the cavity wall material. If this material is copper, then Eq. (68) is

5 =(6.61 x 1072)v%, (69)
This implies a v¥2 dependence on frequency in Eq. (67). _

Output power is still expressed by Eq. (60) with the important proviso that the z employed in the
evaluation of W,y in Eq. (60) comes from Eq. (64) and not from Eq. (67). 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 ''*Cd, one obtains again p, = 1.68 m for
I = 10°m with z = 3.394 and P = 3 X 10®W. A calculation of input power now requires an assumption for n.
Ifn = 10,then v = 75 kHz and U = 3 x 10°W. 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 line *°K example,
one obtains again p, = 0.481m forl = 10*m withz = 18.647 and P = 2.5 X 10°W. If n = 20, then v = 130 kHz
and U = 2.5 x 10’W.

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 lines, any of the possible strip-line configurations, or any other transmission line
arrangement that can support a simple TEM mode. In such cases with a traveling-wave TEM mode, the
electric and magnetic fields will be essentially those stated in Egs. (55) and (56). For terminations so
arranged as to provide resonance, then Egs. (61) and (62) are applicable.

4, Other Configurations

Although transmission lines represent a very convenient way to provide plane-wave-like
electromagnetic fields of large enough intensity to 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 fieids in close proximity to a large,
hollow torus carrying alternating current in the azimuthal direction, will ali possess components that can be
employed to induce beta decay.
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OCoNDOR®ON=

Claims

1. A process for inducing 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:

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

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 transitions, comprising applying an electromagnetic field to the waste products, the
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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.

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
107" teslas per heriz.

" B. A process according to any one of the preceding claims, in which the density p of the atomic nuclei is
at least of the order of 10"¥EW,,4 nuclei per cubic metre, where E is the decay energy in MeV involved in the
beta decay of a single nucleus, and W, 4 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 selected from
a group consisting of °°Sr, ¥7Cs, 8Ca, ¥Rb, “K, %°V, ''3Cd, "'SIn, %¢Zr, 85Kr, %Tc, '**Cs and '*°I.

7. 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
intrinsic 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 electromagnetic 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.

__..8 An apparatus according to claim 7, which also comprises means (8, 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 comprising a
transmission 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 to claim 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 claims 7—13, in which the medium (5) is a fluid and acts as a
heat transfer fiuid to transfer heat away from the field producing means (1, 2).

Patentanspriiche

1. Verfahren zum Bewirken von Betazerfall-Ubergéngen von Atomkernen bei weichem ein Medium
vorgesehen wird, welches Atomkerne mit verbotenen Betazerfall-Ubergéngen enthilt, bei denen der
Anfangs- und der Endzustand des betreffenden Kerns nicht die gleiche Eigenparitdt oder
Gesamtdrehimpulse, die sich um mehr als eine Einheit der Drehimpuls-Quantenzahi unterscheiden, haben,
und bei welchem an das Medium ein electromagnetisches Feld angelegt wird, das eine ausreichende
Intensitit hat, um den Drehimpuls oder die Eigenparitat zu schaffen, die erforderlich sind, um das Verbot
der Betazerfall-Ubergsnge der Atomkerne zu Uberwinden und dadurch die Betazerfall-Ubergénge zu
bewirken.

2. Verfahren zum Gewinnen von Nutzenergie, mit den Verfahrensschritten:

Vorsehen eines Brennstoff-Mediums, welches Atomkerne mit verbotenen Betazerfall-Ubergéngen
enthalt;

Aniegen eines elektromagnetlschen Feldes ausreichender Intensitit an das Brennstoff-Medium, um
das Verbot der Betazerfall-Ubergange der Kerne zu iiberwinden, und

Auffangen von Kern-Emissionen, die durch die Betazerfall- -Ubergénge verursacht werden, und
Gewinnung von Nutzenergie hieraus.

3. Verfahren zur Verringerung der Halbwertszeit von nuklearen Abfallprodukten, welche Atomkerne
mit verbotenen Betazerfall-Ubergingen enthalten, bei welchem an die Abfallprodukte ein
elektromagnetisches Feld angelegt wird, dessen Intensitat ausreicht, um das Verbot der Betazerfall-Uber-
génge der Kerne zu {iberwinden und dadurch den Betazerfall unter Freisetzung von Kern-Emissionen aus
den nukiearen Abfallprodukten zu férdern.

4. Verfahren nach einem der vorhergehenden Anspriiche, bei welchem das elektromagnetische Feld
ein alternierendes elektromagnetisches Feld der Frequenz v und der magnetischen Induktion B ist, wobei
B/v mindestens in der GréRenordnung von 107'° Tesla pro Hertz liegt.

5. Verfahren nach einem der vorhergehenden Ansprliche, bei weichem die Dichte p der Atomkerne
mindestens in der GréRenordnung von 10'%/EW,,4 pro Kubikmeter liegt, wobei E die Zerfallsenergie in MeV
beim Beta-Zerfall eines einzelnen Kernes und W,,4 die gesamte induzierte Ubergangswahrscheinlichkeit, in
sec™!, fir den Beta-Zerfall ist.
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6. Verfahren nach einem der vorhergehenden Anspriiche, bei dem die Atomkerne aus der Gruppe
ausgewahlt sind, die °°Sr, '¥’Cs, *®Ca, *"Rb, *°K, 5°V, 173Cd, ""®In, ®°Zr, ¥Kr, %°Tc, 1%5Cs und '**f enthalt.

7. Einrichtung zum Bewirken von Betazerfall-Ubergéngen von Atomkernen durch ein Verfahren geméR
einem der vorangehenden Anspriiche, mit einem Medium (5), welches Atomkerne enthélt, die verbotene
Betazerfall-Ubergange aufweisen, bei denen der Anfangs- und der Endzustand des Kerns nicht die gleiche
Eigenparitdt oder Gesamtdrehimpulse, die sich um mehr als eine Einheit der Drehimpuls-Quantenzahl
unterscheiden, haben, ferner mit einer felderzeugenden Vorrichtung (1, 2) zum Erzeugen eines elektro-
magnetischen Feldes im Medium und mit einer Anordnung (4) zum Erregen der felderzeugenden
Vorrichtung, um das Feld mit einer Intensitdt zu erzeugen, welche ausreicht, um den Drehimpuis oder die
Eigenparitat zu schaffen, die erforderlich sind, um das Verbot der Betazerfall-Ubergéange der Atomkerne zu
Gberwinden.

8. Einrichtung nach Anspruch 7, welche aufRerdem eine Vorrichtung (6, 7, 8} zum Sammeln der Energie
der durch den Beta-Zerfall der Atomkerne verursachten Kern-Emissionen enthéit.

9. Einrichtung nach Anspruch 7 oder 8, bei weicher die felderzeugende Vorrichtung eine
Hochfrequenzleitung (1, 2, Fig. 2) oder einen Hohiraumresonator (1, 2, Fig. 3} enthalt und bei der das
Brennstoff-Medium in der Hochfrequenzleitung (1, 2, Fig. 2) oder im Hohiraumresonator (1, 2, Fig. 3)
angeordnet ist.

10. Einrichtung nach Anspruch 9, bei der die Hochfrequenzleitung oder der Hohlraumresonator durch
zwei koaxiale leitende Zylinder (1, 2) gebildet sind und bei der das Medium {5} in dem ringférmigen Bereich
zwischen dem inneren und dem &uReren leitenden Zylinder (1, 2) angeordnet ist.

11. Einrichtung nach einem der Anspriiche 7 bis 10, bei dem die Erregungsanordnung (4) eine
Wechselstromquelle enthalt.

12. Einrichtung nach einem der Anspriiche 7 bis 11, bei der das Medium (5) ein die Atomkerne
enthaltendes, elektrisch isolierendes Material ist. -

13. Einrichtung nach Anspruch 12, bei dem das isolierende Material eine dielektrische Fllissigkeit ist.

14. Einrichtung nach einem der Ansprliche 7 bis 13, bei der das Medium (5) ein Fluid ist und als
Waérmetrégerfluid zum Abtransport von Wéarme von der felderzeugenden Vorrichtung (1, 2} wirkt.

Revendications

1. Un procédé pour induire des transitions de désintégration béta de noyaux atomiques dans lequel on
établit un milieu qui comprend des noyaux atomiques ayant des transitions de désintégration béta
interdites, dans lesquelles les états nucléaires initial et final n'ont pas la méme parité intrinséque ou ont des
moments angulaires totaux qui différent de plus d'une unité quantique de moment angulaire, et on
applique au milieu un champ électromagnétique ayant une intensité suffisante pour produire le moment
angulaire ou la parité intrinséque nécessaire pour vaincre |'interdiction des transitions de désintégration
béta des noyaux atomiques, ce qui a pour effet d’induire les transitions de désintégration béta.

2. Un procédé pour obtenir de I'énergie utile, comprenant les opérations suivantes:

on établit un milieu combustible qui comprend des noyaux atomiques ayant des transitions de
désintégration béta interdites;

on applique un champ électromagnétique au milieu combustible, ce champ ayant une intensité
suffisante pour vaincre l'interdiction de transitions de désintégration béta des noyaux; et

on capture des émissions nucléaires produites par des transitions de désintégraton béta des noyaux, et
on récupére de |"énergie utile a partir d'elles.

3. Un procédé pour réduire la période de déchets nucléaires qui comprennent des noyaux atomiques
ayant des transitions de désintégration béta interdites, dans lequel on applique un champ électro-
magnétique aux déchets, ce champ ayant une intensité suffisante pour vaincre I'interdiction de transitions
de désintégration béta des noyaux, de fagon & augmenter |'activité de désintégration béta, avec la
libération d’émissions nucléaires a partir des déchets nucléaires.

4. Un procédé selon l'une quelconque des revendications précédentes, dans lequel le champ électro-
magnétique est un champ électromagnétique alternatif de fréquence v et d'induction magnétique B, avec
B/v au moins de l‘ordre de 107'° tesia par hertz.

5. Un procédé selon I'une quelconque des revendications précédentes, dans lequel la densité p des
noyaux atomiques est au moins de I‘ordre de 10'%EW,,, noyaux par métre cube, en désignant par E
I’énergie de désintégration en MeV, qui est mise en jeu dans la désintégration béta d'un seul noyau, et W4
est la probabilité de transition induite totale, en s™, pour la désintégration béta.

6. Un procédé selon l‘une quelconque des revendications précédentes, dans lequel les noyaux
atomiques sont sélectionnés dans un groupe comprenant: %°Sr, '*7Cs, *8Ca, 87Rb, “°K, %0V, ''3Cd, V'%in, %Zr,
85Krl SQTC’ 135CS et 129|.

7. Un dispositif destiné a induire des transitions de désintégration béta de noyaux atomiques, par un
procédé conforme a 'une quelconque des revendications précédentes, ce dispositif comprenant un milieu
{B) qui contient des noyaux atomiques qui ont des transitions de désintégration béta interdites, dans
lesquelles les états nucléaires initial et final n‘ont pas la méme parité intrinséque ou ont des moments
angulaires totaux qui difféerent de plus d’'une unité quantique de moment angulaire, des moyens de
génération de champ (1, 2) destinés a produire un champ électromagnétique dans le milieu, et des moyens
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(4) destinés a exciter les moyens de génération de champ pour établir le champ avec une intensité
suffisante pour produire le moment angulaire ou la parité intrinséque nécessaires pour vaincre
Iinterdiction des transitions de désintégration béta des noyaux atomiques.

8. Un dispositif selon la revendication 7, qui comprend également des moyens (6, 7, 8) destinés a
collecter I"énergie d'émissions nucléaires produites par la désintégration béta des noyaux atomiques.

9. Un dispositif selon la revendication 7 ou 8, dans lequel les moyens de génération de champ
comprennent une ligne de transmission {1, 2, figure 2) ou une cavité résonnante (1, 2, figure 3), et dans
lequel le milieu combustible est placé a I'intérieur de la ligne de transmission (1, 2, figure 2) ou de la cavité
résonnante (1, 2, figure 3).

10. Un dispositif selon la revendication 9, dans lequel {a ligne de transmission ou la cavité résonnante
est formée par une paire de cylindres conducteurs coaxiaux (1, 2), et dans lequel le milieu (5) est placé dans
la région annulaire située entre les cylindres conducteurs intérieur et extérieur (1, 2).

11. Un dispositif selon I'une quelconque des revendications 7 a 10, dans lequel les moyens d’excitation
{4) consistent en une source de courant alternatif.

12. Un dispositif selon {'une quelconque des revendications 7 & 11, dans lequel e milieu (5) est une
matiére électriquement isolante contenant les noyaux atomiques.

13. Un dispositif selon Ia revendication 12, dans lequel la matiére isolante est un liquide diélectrique.

14. Un dispositif selon I'une queiconque des revendications 7 3 13, dans lequel le milieu (5) est un
fluide et fait fonction de fluide de transfert de chaleur destiné a évacuer de la chaleur a partir des moyens de
génération de champ (1, 2).
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